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ABSTRACT
Treatment planning systems and beam modelling are built upon and
validated by experimentally measured parameters, both in water and
in air. Accurate dose measurements are challenging in small radiation
fields because there is no commercially available real-time dosimeter
that can accurately measure output factors without the use of specific
small field correction factors.

This study supplements the measurements made with a range of
commercially available dosimeters with those made using a waterequivalent fibre optic dosimeter (FOD), validated with radiochromic
film. The results for in-water output factors, Sc, p , and in-air output
factors, Sc , were measured for field sizes down to 4mm.
The in-water output factor, Sc, p , measurements using a diamond, an
unshielded diode and a FOD agree to within 2.6% for field sizes
between 10 and 30 mm. For smaller fields, the values for Sc, p
measured using the various dosimeters begin to diverge, reaching a
maximum of 24.5% for a field size of 4 mm. After applying volume
averaging correction factors for the three dosimeters, there remains an
13.6% difference in output factors between detectors. Since the FOD
is virtually dosimetrically water equivalent, it is assumed that the FOD
readings provide accurate measurements in small fields. Small field
correction factors can therefore be calculated using a ratio of Sc, p
readings from the diamond to the FOD and the diode to the FOD. The
correction factors presented are valid only for the specific physical
conditions used in this study.
The in-air output factor, Sc , was measured using brass miniphantoms.
These miniphantoms were of a unique design with either a cap (with
sidewalls) or top (no sidewalls) design for a range of heights and
ii

widths. For all dosimeters Sc agreed to within 1% for fields larger
than 10 mm. For smaller fields, the agreement was within 2.3%.
Unlike the case for measurement of Sc, p , the selection of dosimeter
type for measurement of Sc is not critical provided that the active
volume is small with respect to the field size. The miniphantom design
critically affects the measured values in air. The dominant
contribution to the dose measured by the dosimeter is scatter from the
miniphantom, while the dosimeter housing makes a relatively small
contribution.
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1 INTRODUCTION
1.1

Radiotherapy

Studies show that at least 50% of patients with newly-diagnosed cancers would
benefit from radiotherapy (Barton 2012). The number of new cases of men and
women diagnosed with cancer in 2008 in NSW was 36, 611 and incidence rates were
found to have risen by 11% over the previous 10 years. The risk for a person who
lives to 85 years of being diagnosed with cancer in their lifetime was estimated as
one in two chance for male and one in three chance for female (Tracey et al. 2008).

The objective of radiotherapy is to deliver a lethal dose to the tumour while incurring
minimal damage to the surrounding normal tissues (Metcalfe et al. 2007). To achieve
this objective it is necessary to conform the high dose region to a volume that
encompasses the tumour volume plus margins for microscopic disease and set-up
errors (International Commission on Radiation Units and Measurements 1993,
International Commission on Radiation Units and Measurements 1999). As
technology has evolved, more complex treatment techniques are being employed.
Two such techniques are intensity modulated radiation therapy (IMRT) and
stereotactic radiotherapy/radiosurgery (SRT/SRS).

1.2

Intensity Modulated Radiation Therapy

Conventional external beam radiation therapy (EBRT) uses radiation beams with
uniform intensity across the field, within the flatness specification limits.
Compensators, physical or dynamic wedges are occasionally employed to modify the
intensity profile across the field. Intensity modulated radiation therapy (IMRT) is a
radiotherapy technique in which non-uniform intensity is delivered to the patient to
optimise the composite dose distribution (Khan 2010). IMRT treatments are made up
of multiple fields; each field being subdivided into a set of irregularly shaped fields
called segments. These segments are irradiated with non-uniform beam intensity
levels. The term non-uniform intensity refers to the different monitor units (MU) and
hence dose delivered per segments to produce a modulated dose map. The user
prescribes the minimum allowable open area of these segments in the TPS, which

1

can result in sub-segments with widths of only a few mm. Multi-leaf collimators
(MLCs) are used to shape the segments.

In IMRT the penumbrae from many small segments sometimes serve as the overlap
between adjacent fields or segments. Any dosimetric errors in these small segments
is reinforced and could cause a significant error in the overall delivery of the
prescribed dose (Aspradakis 2010).

1.3

Stereotactic Radiotherapy/Radiosurgery

Stereotactic radiosurgery (SRS) is a radiotherapy procedure where multiple narrow
beams are delivered in a single fraction using a combination of stereotactic apparatus
and non-coplanar isocentric arcs (Khan 2010). If the dose is delivered across
multiple fractions it is known as stereotactic radiotherapy (SRT). Imaging and
localisation devices are required to ensure the accurate delivery of the highly
conformal treatment. Conditions, such as trigeminal neuromas, require treatment
with radiation fields with diameters down to 4 mm. The most common field sizes
used in SRS/SRT treatments are between 4 - 10 mm in diameter.

1.4

Small Field Conditions

In small megavoltage (MV) photon fields there are two unique effects; (i) source
occlusion and (ii) loss of lateral electron equilibrium (LEE) (Aspradakis 2010).
Source occlusion occurs when the field size is small enough that the collimators
partially block the source from the detector’s point of view. This is dependent on
both the geometry of the treatment head as well as the geometry of the set-up. Loss
of LEE is a result of the beam width becoming narrower than the maximum lateral
range of secondary electrons. This range is dependent on the beam energy and the
density and composition of the irradiated medium. Therefore, the classification of a
field as small needs to account for how dose varies with field size, the photon energy
and the absorbing medium (Nizin 1993, Nizin and Chang 1991).

Source occlusion and loss of LEE result in a reduction of beam output on the central
axis (CAX) and a blurring and widening of the penumbra in the transverse direction
(Aspradakis 2010, Ding et al. 2008). This reduction of output on CAX and
2

overlapping penumbra leads to difficulties in defining field size for small fields as
the conventional approach is based on full width at half maximum (FWHM) of the
beam profile.

Stereotactic radiosurgery (SRS) employ small radiation fields. Intensity modulated
radiation therapy (IMRT) often employs small segments within normal sizes fields.
This has led to the increased use of small fields and/or segments in radiotherapy.

1.5

Small Field Dosimetry

The accurate determination of absorbed dose and dose distribution is crucial to the
success of radiotherapy. There are many different steps involved in the determination
of absorbed dose distribution in the patient. One of the most important steps involves
measurement with a dosimeter in a phantom placed in a radiation field. This is
known as dosimetry (Mayles et al. 2007).

Small field dosimetry is complicated by both the beam characteristics and the
dosimeter design (Zhu et al. 1995, Li et al. 1995, Das et al. 2008, Laub and Wong
2003, Scott et al. 2009, Zhu et al. 2009, Aspradakis 2010).

Source occlusion and lack of LEE mean that the detector size, composition and
alignment become crucial when measuring outputs in small fields. Measurement
effects include spatial dose averaging and fluence perturbations, caused by detectors
with similar or larger dimensions than the radiation field. There may also be local
changes in electron equilibrium, caused by the presence of the non-dosimetrically
water equivalent detector. Errors introduced by slight detector geometrical
misalignment are increased compared with larger radiation fields due to steep dose
gradients (Scott et al. 2008, Scott et al. 2009).

Beam models designed and optimized for large fields can lead to large inaccuracies
when used for small fields. The accuracy with which such models can describe small
field dose distributions is dependent on the width of the electron focal spot incident
on the linear accelerator target (Scott et al. 2009). Accurately measured small field
output factors are necessary input for beam models which are used to calculate MUs.
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1.6

Thesis Aims

The aim of this study is to develop a reliable and convenient method to measure
small field output factors, both in air and in water. Specifically, this study:

i.

Compares dosimeter performance in small MV photon beams and
explains the response with respect to dosimeter material construction.

ii.

Calculates volume averaging correction factors for in water
measurements.

iii.

Calculates dosimeter correction factors for perturbation of the beam
by the non-water equivalent dosimeter for in water measurements.

iv.

Investigates the influence of different build-up miniphantom designs
on measured in air output factors.

v.

Makes recommendations for the measurement method for in water
and in air output factor measurements.

The dosimeters used were an ionisation chamber, a diamond detector, two
unshielded silicon diodes, a fibre optic dosimeter (FOD) and radiochromic film.

1.7

Overview of Thesis

Chapter 1 provides an introductory background into classification of small MV
photon fields and the treatment modalities that employ them, as well as the
challenges of small field dosimetry. It also outlines the aims and intended outcome
of the thesis.

Chapter 2 contains a literature review relevant to the work in the thesis. It introduces
the primary and scatter component model and defines the two output factors that are
investigated. Small field characteristics and the relevant detector influences in small
fields are described. Ideal detector characteristics for small fields are identified.
Several dosimeter types that are designed for use in small fields are described.
Chapters 3 and 4 describe the original contribution to research. It includes the
methodology, results and analysis of the measured output factors. Chapter 3 details
the determination of the in-water output factor while chapter 4 details the in-air
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output factor measurements. Different dosimeters and experimental designs are
compared.

Chapter 5, the final chapter, presents a summary and general discussion of the
outcomes and conclusions drawn from this research as well as an outline of future
work. It includes the recommendations for the measurement of small field output
factors and the associated limitations and uncertainties. Finally, it highlights the
shortcomings of current commercially available dosimeters in small field
applications.
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2 LITERATURE REVIEW
2.1

Interactions of Photons with Matter

As a photon beam passes through the medium it ejects electrons from atoms in the
medium. These electrons transfer their energy through ionisation and excitation
processes to the medium along their paths. The three major types of interactions that
are relevant for a 6 MV photon beam are the photoelectric effect, Compton scattering
and pair production.

Figure 2.1

Graph showing the regions of relative predominance of the photoelectric
effect, Compton effect and pair production (Podgorsak 2005).

2.1.1 Photoelectric Effect
The photoelectric effect is a phenomenon whereby a photon interacts with an atom
and ejects one of the atom’s orbital electrons. The orbital electron involved in this
process can be from the K, L, M or N shells. The photons entire energy, h , is
transferred to the atomic electron. The kinetic energy of the ejected electron is equal
to:

E

h

6

Eb

(2.1)

where h is Plank’s constant (6.62 x 10-34 J-sec),

is the frequency (cycles/second)

and Eb is the binding energy of the electron. The ejection of the electron results in a
vacancy created in the shell and the atom is left in an excited state. An outer orbital
electron fills the vacancy left by the ejected electron. A photon with characteristic
energy is emitted in this process.

Figure 2.2

Schematic diagram illustrating the photoelectric effect (Khan 2010).

The probability of photoelectric absorption depends strongly on both the photon
energy and the atomic number of the absorbing medium. The mass photoelectric
attenuation coefficient, / , has the following relationship with photon energy, E,
and atomic number, Z:

Figure 2.3 shows

/

/

1/ E 3

/

Z3

(2.2)

plotted against photon energy for both water and lead. It can

be seen that on the plot for lead there are two discontinuities. These discontinuities
occur when the photon energy is equal to the binding energy of the L and K shells
and are known as absorption edges. When the photon has an energy just equal to the
binding energy of the L shell, resonance occurs and the probability of photoelectric
absorption involving the L shell significantly increases (Khan 2010).
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Figure 2.3

Plot of mass photoelectric attenuation coefficient against photon energy for
water and lead (Khan 2010).

2.1.2 Compton Scattering
For the Compton process to take place, the energy of the incident photon must be
large compared to the binding energy of the electron. The photon interacts with the
orbital electron as though it were a free electron. Some of the photons energy is
transferred to the electron and it is emitted at an angle,

. The photon retains a

reduced portion of its original energy and is scattered at an angle

Figure 2.4

.

Schematic diagram illustrating the Compton effect (Khan 2010).
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The energy of the scattered photon can be found by applying the laws of
conservation of energy and momentum:

h

where

h

0

and h

h

0

h 0
1
(1 cos )
m0 c 2

(2.3)

are the initial and scattered photon energies respectively

m0c 2 is the rest energy of the electron, 0.511 MeV.

As the energy of the incident photon increases beyond the binding energy of the K
orbital electron, the probability of photoelectric absorption decreases rapidly and the
Compton effects becomes increasingly dominant. However, the Compton effect also
decreases with increasing photon energy. As the Compton interaction involves an
essentially free electron it is independent of the atomic number, Z, but instead
depends on the electron density of the absorbing material. As most materials have
the same number of electrons per gram the Compton mass attenuation coefficient,

/ is nearly the same for all materials (Khan 2010).

2.1.3 Pair Production
A photon may interact with the absorbing material via pair production if it has
energy greater than the binding energy of two electrons, 1.02 MeV. This is known as
the threshold energy. In the process of pair production the photon interacts with the
electromagnetic field of an atomic nucleus and gives up all of its energy to create an
electron, e-, and positron, e+, pair. If the photon has energy above the threshold
energy it is shared between the pair as kinetic energy.
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Figure 2.5

Schematic diagram illustrating the process of pair production (Khan 2010).

As the positron that is created as a result of this process traverses the medium it loses
its energy through ionisation, excitation and bremsstrahlung in a similar manner to
electrons. As the positron nears the end of its range it combines with a nearby free
electron. This process gives rise to two annihilation photons, each with energy of
0.511 MeV. To ensure the conservation of momentum in this process the two
photons are emitted at 180 from each other.

As pair production is a process where a photon interacts with the electromagnetic
field of an atomic nucleus, the mass attenuation coefficient due to the pair production
process,

/ , varies with Z2. Also the likelihood rapidly increases with increasing

photon energy above the threshold energy (Khan 2010).

2.1.4 Deposition of Energy
The electrons created by the above photon processes interact with the medium
through excitation, ionisation and bremsstrahlung. Coulomb forces mediate these
interactions between the electric field of the travelling electron and electric fields of
orbital electrons and nuclei of atoms of the material. Electrons also undergo
scattering, which changes the direction of motion without significant loss of energy.

Ionisation is the process where orbital electrons are stripped from an atom. If the
energy transferred to the orbital electron is not sufficient to overcome the binding
energy, it is displaced from its stable position but will later return to it; this effect is
called excitation. In the ionisation process, the stripped electron may receive
sufficient energy to produce an ionisation track of its own. This ejected electron is
10

called a secondary electron, or a

ray. Ionisation and excitation are known as

collisional energy loses.

Due to the small mass of an electron, it may be deflected when it interacts with the
electromagnetic field of an atomic nucleus. The electron may be decelerated so
rapidly that it loses some of its energy as bremsstrahlung. Bremsstrahlung is also
known as braking radiation and the energy lost from the deflected electron is
propagated as electromagnetic radiation. Bremsstrahlung is a radiative loss of
energy.

Figure 2.6

Schematic diagram illustrating the bremsstrahlung process (Khan
2010).

In water or soft tissue, electrons lose their energy predominately through ionisation
and excitation processes that transfer energy to the medium (Khan 2010).

2.1.5 Absorbed dose
Absorbed dose is the amount of energy deposited per unit mass. It is a measure of
the biologically significant effects of radiation. It is measured in gray (Gy) = 1 Joule
kg-1.

The equivalent dose, H, takes into account the effect of the radiation. This is done
through the use of a radiation weighting factor, WR.:

H

11

D WR

(2.4)

The equivalent dose is measured in sievert (Sv) and can be used to quantify the dose
to individual organs.

The effective dose, E, takes into account the varying sensitivity of different tissues
by using a tissue weighting factor, WT:

E

(WT , H )
allorgans

(WT , W R , D )

(2.5)

allorgans

The effective dose can be used to describe the biological relevance of a radiation
exposure where different tissues/organs receive varying absorbed doses potentially
from different radiation sources (Metcalfe et al. 2007).

The intensity, I(x) of a narrow monoenergetic photon beam, attenuated by an
attenuator of thickness x is:
I(x)

where

I(0)e

x

(2.6)

I(0) is the original intensity of the unattenuated beam.
is the linear attenuation coefficient, which depends on photon energy
and attenuator atomic number, units cm-1.

The mass attenuation coefficient,

m

is proportional to the linear attenuation

coefficient by:

(2.7)

m

where

is the density of the attenuator, units g cm-3.

The energy transfer coefficient,

tr

, and the energy absorption coefficient,

related to the linear attenuation coefficient by:
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en

are

E tr
h

tr

(2.8)

and
E en
h

en

where

(2.9)

h is the photon energy, units MeV.
E tr is the average energy transferred to charged particles (electrons) in the
attenuator, units MeV.

E en is the average energy deposited to charged particles (electrons) in the
attenuator, units MeV.

en

where

tr

(1 g )

(2.10)

g is the radiative fraction.

An x-ray beam that is emitted from a target, like that from a linear accelerator,
consists of a large number of photons, usually with a variety of energies. One term
that can be used to describe such a beam is fluence. The fluence,

, of photons is the

number of photons entering sphere, dN, with the cross-sectional area, dA:

dN
dA

The energy fluence,

(2.11)

, is the radiant energy incident on a sphere, dE, with the cross-

sectional area, dA:
dE
dA

(2.12)

The kinetic energy release per unit mass (kerma) is a term that describes the transfer
of energy from photons to electrons. The kerma, K, is the mean energy transferred
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from the indirectly ionizing radiation to charged particles (electrons) in the medium,

d Etr per unit mass, dm:

d E tr
dm

K

(2.13)

Kerma can be separated into two components; kerma due to collisional, K col , and
radiative loss, Krad .
K col

K(1 g)
en

K col

where

en

(2.14)
(2.15)

is the mass-energy absorption coefficient averaged over the energy

fluence spectrum.

Under conditions of true charged particle equilibrium, CPE, the relationship between
K col and absorbed dose is given by equation 2.16, if the radiative photons escape the

volume of interest (Podgorsak 2005).

D Kcol

(2.16)

D

(2.17)

K(1 g)
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2.2

Dosimetry

The most important feature of ionising radiation used for radiation therapy is the
destruction of tumour cells. For photon beams, such as the one used in this study, the
number of tumour cells destroyed can be related by radiobiological models (Hall and
Giaccia 2005) and in vivo and clinical trials evidence (e.g. (Pollack et al. 2006) to
the amount of energy deposited in a certain mass of tissue i.e. absorbed dose.
Absorbed dose and is the quantity of greatest interest in radiation therapy as it allows
for quantification of the effect of ionising radiation in matter. The aim of dosimetry
in radiation therapy is to measure or predict the absorbed dose in various tissues of a
patient undergoing radiotherapy. To do this there is usually two steps involved.
Firstly the dose deposited in a phantom measured by a dosimeter is assessed to give
beam data. Secondly, this beam data is then used in conjunction with the patient data
to predict the dose at any point in the patient (Metcalfe et al. 2007).

Dosimetry in radiation therapy beams can be divided into two categories: absolute
and relative. Absolute dosimetry involves yielding information about the absorbed
dose in terms of Gray (1 Gy = I Joule/kg) and involves the application of a number
of factors that will relate the instrument reading to absorbed dose. Absolute
dosimetry is performed under reference conditions for each radiation quality,
typically on an annual basis (International Atomic Energy Agency 2008). This is
referred to as a calibration as it relates the machine setting, monitor unit (MU), to the
absolute dose under reference conditions.

The International Commission on Radiation Units and Measurement (ICRU) (1976)
stipulate the required accuracy in the absorbed dose to a patient should be within
5%. As uncertainties in treatment planning calculation procedures and treatment
volume definition account for the majority of total uncertainties it is critical that
dosimetry is as accurate as possible.

Ideally a radiation dosimeter should directly measure energy absorbed per unit mass,
which is absorbed dose. However, beside calorimetry, all dosimeters measure other
effects that can then be related to dose, such as ionisation or chemical changes. Such
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effects are related to dose by the application of several factors that are based on
predictions or assumptions (Metcalfe et al. 2007).
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2.3

Small Field Characteristics

The definition of a small field in radiation dosimetry is currently very subjective and
ad hoc. Commonly, a field size of less than 3 x 3 cm2 is considered as a small field in
MV photon dosimetry. There are three factors which determine if a field should be
considered as small or not: (i) the size of the viewable parts of the beam source
projected from the detector location through the beam aperture, (ii) the electron
range in the irradiated medium; and (iii) the size of the detector used in the
measurements (Das et al. 2008). Source occlusion, lack of lateral electron
equilibrium (LEE) and its affect on beam spectra will be discussed in more detail in
this section, while detector considerations and influences will be discussed in section
2.4.

2.3.1 Source Occlusion

Sc and Sc, p output factors are dependent on field size. As collimators are closed,
increasing amounts of scattered radiation from components of the linear accelerator
head are blocked and phantom scatter is reduced.
Unlike scattered radiation, the nonscattered ‘primary’ beam fluence direct from the
radiation source, changes little with field size (Scott et al. 2009). The radiation
source is not a point source, but a focal spot typically between 0.5 and 4 mm
(Karzmark et al. 1993, Scott et al. 2009, Sheikh-Bagheri and Rogers 2002, Keall et
al. 2003, Jaffray et al. 1993). At field sizes comparable to the focal spot size, the
periphery of the source may become obscured from the isocentre, see figure 2.7. This
effect is known as source occlusion and results in overlapping penumbra (Das et al.
2008). This overlapping of penumbra results in lower beam output on central axis
(CAX). The output on CAX will further be reduced at higher beam energies and/or
lower density media where lack of LEE becomes more prominent (Aspradakis
2010). Source occlusion is dependent on both the geometry of the treatment head as
well as the geometry of the set-up.
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Figure 2.7

Schematic illustration of source occlusion and the corresponding effect on
dose profiles (Scott et al. 2009).

Source occlusion dominates the output for very small fields and low energies. For
higher energies, the loss of LEE becomes more important (Zhu et al. 2009).

2.3.2 Lateral Electron Equilibrium
Electrons produced by interactions from megavoltage photons have a practical range,
which is dependent on beam energy and the properties of the medium, particularly
density. In order for LEE to hold on central axis, the field size must be at least equal
to this range. The condition of LEE means that the energy carried in and out of the
volume by charged particles (predominantly electrons) is equal. As the field size
falls below the practical range LEE breaks down, see figure 2.8. In conditions of
lateral electron disequilibrium the shape of the transverse beam profiles and the
output on central axis are affected.
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Figure 2.8

Schematic diagram illustrating (a) broad beam geometry where conditions of
LEE hold and (b) small field geometry where LEE breaks down.

The higher the energy, the increased practical range of electrons and hence, the field
size where LEE breaks down is increased. Li et al (1995) found a linear relationship
between the beam quality and the minimum field radius required to achieve LEE:
For high energy photon beams produced by clinical accelerators the beam quality is
specified by the tissue phantom ratio TPR20,10. TPR20,10 is defined as the ratio of the
absorbed dose at depths of 20 cm and 10 cm in a water phantom, measured with a
source-too-chamber distance (SCD) of 100 cm and a field sized of 10 x 10 cm
(Andreo et al. 2006).

rLEE (g/cm3 ) 5.973(TPR20,10 ) 2.688

(2.18)

The 6 MV SRS beam on the Varian Novalis linear accelerator (Varian Medical
Systems Inc, Palo Alto, CA) used in this study has a beam quality of TPR20,10 =
0.659. Therefore, the minimum field radius required to achieve LEE for this field is:

rLEE

5.973 0.659 2.688

1.25g /cm 3

(2.19)

Therefore, for the beam used in this study, a lack of LEE is seen around a 2.5 cm
wide field in water (ρ = 1 g/cm3).
19

2.3.3 Spectral Changes
As a consequence of the lack of LEE in small fields, and the different types of
collimation used to shape these, the spectral characteristics of a small field differ
from those in broad beam. The change in spectrum is dependent on collimation
method, beam energy, distance from CAX and depth in water (Aspradakis 2010).
The lower the beam energy (< 15 MV) the greater the changes.

In water, the number of low energy scattered photons decreases with decreasing field
size resulting in an increased mean energy of the photon distribution, see figure 2.9
(Sanchez-Doblado et al. 2003, Aspradakis 2010).
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Figure 2.9

Monte Carlo calculated photon (left) and electron (right) spectra, at depths
in water of 5 cm (dotted lines), 10 cm (thick lines) and 15 cm (thin lines),
for the 6 MV 10 x 10 cm2 field ((a) and (d)) and radiosurgery applicators
with diameters of 1.0 cm ((b) and (e)) and 0.3 cm ((c) and (f)) of an Elekta
SL-18 linear accelerator (Elekta AB publ, STH). The spectra are normalised
to the integral fluence in each case (Sanchez-Doblado et al. 2003).

In air, the mean energy of the photon fluence spectral distribution, collimated with
stereotactic cone applicators, increases more significantly as the field size decreases
than that from standard MLCs due to the larger scatter contribution from the cones
(Aspradakis 2010, Verhaegen et al. 1998, Sanchez-Doblado et al. 2003).
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2.4

Detector Influences

The main problem associated with the dosimetry of small fields is the very presence
of the dosimeter itself. Measurement effects include fluence perturbations caused by
detectors with similar dimensions to the radiation field and local changes in electron
equilibrium caused by the presence of the detector (Scott et al. 2008). These
perturbations are hard to quantify in a reliable way as the dosimeter is normally
different from the medium in both composition and density (Das et al. 2008).

Commercially available dosimeters for small field dosimetry have sensitive volume
sizes comparable to the high dose region of very small fields. This causes volume
averaging of the output, see section 2.4.2.

Source occlusion and lack of LEE mean that the detector size and alignment become
crucial when measuring outputs in small fields. Errors introduced by slight detector
geometrical alignment are increased compared with larger radiation fields (Scott et
al. 2008, Scott et al. 2009).

2.4.1 Fluence Perturbation
Perturbation caused by a dosimeter is usually defined as a departure from BraggGray cavity principle or the ideal dosimeter behaviour. According to the Bragg-Gray
cavity theory, the ionisation produced in a gas-filled cavity (e.g. ionisation chamber)
placed in a medium is related to the energy of the absorbed dose in the surrounding
medium. For this theory to hold the cavity must be sufficiently small so that it does
not alter the number and distribution of electrons that would exist in the medium
without the cavity in place (Khan 2010). The perturbation of the charged particle
(electron) fluence depends on the dosimeter composition and geometry, the medium
in which the measurement is performed, the beam energy and field size.

As the size of the dosimeter cavity becomes smaller than the range of the electrons,
the conditions for cavity theory cannot be fulfilled. The presence of a detector within
a small field makes its perturbation difficult to quantify because the major source of
the effect is disturbance of particle fluence. The use of standard correction methods
(e.g. replacement correction factor) is not possible because the perturbation is highly
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dependent on the detector geometry and the medium in terms of composition and
density (Aspradakis 2010).

In the absence of an ideal dosimeter for small field applications modelling of
perturbation correction factors has been explored. Using such data, correction to
dosimeter readings could be calculated and applied to raw readings immediately
once measurements have been carried out (Aspradakis 2010, Eklund and Ahnesjo
2009). However, such correction factors are specific to the experimental design for
which they are modelled.

2.4.2 Volume Averaging
The signal of a dosimeter is averaged over its sensitive volume. In broad beams this
may be noticeable when measuring in areas of steep dose gradients, such as the
penumbra. In small fields it means that the output measured on central axis will be
reduced, see figure 2.10.

Figure 2.10

Schematic diagram illustrating the volume averaging effect for a 0.125 cm3
ionisation chamber. The 100, 99, 98 and 97 isodose curves are represented
by the broken lines as indicated. The hashed area indicates the chamber
wall. The point G is the geometrical centre of the chamber measurement
volume an P is the effective point of measurement (McKerracher and
Thwaites 1999).
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Volume averaging becomes significant when the sensitive volume of the dosimeter
has a diameter comparable to half the size of the field in which it is measuring (Li et
al. 2004). Reducing the size of a sensitive volume of ionisation chambers introduces
compromises in the signal-to-noise ratio (SNR) and increases the uncertainties in the
measurements. The use of solid state dosimeters with small sensitive volumes
lessens the volume averaging effect but introduces other uncertainties in the
measurements due to effects such as energy dependence and dose-rate dependence.
Monte Carlo simulations allow for the doses delivered to small voxels to be directly
calculated. It is essential that the input parameters to the Monte Carlo linear
accelerator model must obviously be well validated for the calculated results to be
useful (Scott et al. 2009).

2.4.3 Positional Accuracy
For accurate measurements in small fields not only is the choice of dosimeter
important but so too is the alignment of the dosimeter with the radiation beams
central axis (CAX).

As field size is decreased the effect of positional misalignment with CAX on
measured output increases. Cheng et al (2007) estimated errors due to misalignment
from CAX. They found that the smaller the field, the greater the effect the
misalignment with CAX had on the output. A 1 mm shift from CAX, in a 1 x 1 cm2
field, results in 0.5% error in output at dmax. Paskalov et al (2003) found that a 0.2
mm misalignment led to around 3% error for a 3 mm field and 4% error for a 1.5
mm field.

IPEM Report 103 (2010) recommends either checking the symmetry of profiles
taken at different depths or searching for the maximum signal to align a dosimeter
with CAX. Alignment can also be verified with radiographic or radiochromic film
images or portal images.
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2.5

Ideal Dosimeter Characteristics

Ideal dosimeter characteristics for all measurements include stability, dose linearity,
dose rate linearity, dose per pulse linearity, high signal-to-noise (SNR) ratio and
independent of environmental factors i.e. temperature, pressure and humidity. In
addition to this ideal dosimeters for small field dosimetry include high spatial
resolution, high sensitivity and dosimetric water equivalence. For small field
measurements in air, small overall physical size is also desirable.

2.5.1 High Spatial Resolution
High spatial resolution is necessary to minimise volume averaging effects, which
become significant due to the narrow dimensions of the high dose region and the
steep dose gradients in small radiation fields (Westermark et al. 2000, McKerracher
and Thwaites 1999).
The steep dose gradients resulting from overlapping penumbra mean that, in the
central portion of a small field, there is a very narrow region with uniform dose.
Therefore, a small detector is required to make sure that the right normalization is
made (Westermark et al. 2000). For some detector types, there may be a trade-off
between a sensitive volume small enough to achieve good spatial resolution and
large enough to provide good signal to noise ratio.

2.5.2 High Sensitivity
High sensitivity of the detector element means that small sensitive volumes can be
used and hence, high spatial resolution can be achieved. High sensitivity is also
required to keep the statistical noise and measurement time to an acceptable level
(Westermark et al. 2000).

2.5.3 Dosimetric Water Equivalence
Dosimetric water equivalence of detectors, both atomic number and density, is
necessary to minimise perturbation effects. Perturbation effects have been shown to
have a significant contribution in field sizes less than 10 mm in width for solid state
dosimeters (Heydarian et al. 1996, Somigliana et al. 1999, Westermark et al. 2000,
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Haryanto et al. 2002, Francescon et al. 2009, Pantelis et al. 2010, Gagnon et al. 2012,
Scott et al. 2012).

As explained in section 2.3.3, beam quality changes with field size in small fields are
large because of the changing contribution of scattered photons. Therefore, small
field detectors should be predominantly composed of water equivalent material so
that their response is energy independent.

2.5.4 Physical Size
It is not only the sensitive volume of a dosimeter that limits the minimum field size
for which the output can be accurately measured, but also the dosimeter physical
size, particularly for in-air conditions (McKerracher and Thwaites 2007b).

The width of the detector housing should be smaller than the radiation field so that
the scatter generated in the housing is constant for all field sizes under consideration.
One apparent workaround is to take measurements at extended SSD. However, this
is not recommended due to the different portions of the flattening filter projected
onto the detector at various SSDs for the same collimator setting (Aspradakis 2010,
Jursinic 2006).
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2.6

Small Field Dosimeters

Three types of commercially available dosimeters that have commonly been used for
small field dosimetry are small volume ionisation chambers, diamond dosimeters
and unshielded silicon diodes (Scott et al. 2009, Scott et al. 2008, Westermark et al.
2000, McKerracher and Thwaites 1999, McKerracher and Thwaites 2007b,
McKerracher and Thwaites 2007a). Diamond dosimeters and ionisation chambers
are close to being dosimetrically water equivalent, but their sensitive elements are
typically too wide for the smallest fields. Diode dosimeters can have sensitive
volumes as small as 0.6 mm, but are not dosimetrically water equivalent. The
housing of ionisation chambers, diode and diamond dosimeters is typically between
5-7 mm wide and it is recommended they not be used for measuring Sc for fields
smaller than 10 mm without the use of correction factors (McKerracher and
Thwaites 2007b).

Detectors being explored for their potential use in small field dosimetry applications
are radiochromic film and plastic scintillation dosimeters. These dosimeters
approximate energy independence for photons in the MV range (Arjomandy et al.
2010, Klein et al. 2010) and have high spatial resolution.

2.6.1 Small Volume Ionisation Chambers
Ionisation chambers are the most frequently used type of detector in radiotherapy
because of their availability, ease of calibration, well defined energy response and
constant recombination factors over clinically relevant dose rates (Scott et al. 2008).
Ionisation chambers give a reproducible response, which has established them as the
gold standard in radiotherapy dosimetry.

An ionisation chamber contains a gas filled cavity encased by a conductive outer
wall. In the gas filled cavity is a collecting central electrode. A polarising voltage is
applied to the chamber. Leakage current is minimised by separating the outer wall
and the central electrode with an insulator. Ionisation chambers are available in a
variety of designs, shapes and sizes for use in different applications. The most
common type used in radiotherapy dosimetry are of cylindrical construction. In
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particular the so called Farmer design, see figure 2.11, is used in linear accelerator
calibrations of MU to dose.

Figure 2.11

The design for the Farmer graphite/aluminium chamber (PTCFE is
polytrichlorofluorethylene) (Khan 2010).

Several mini and micro cylindrical ionisation chambers have been designed
specifically for small field dosimetry applications. Such chambers are referred to as
small volume ionisation chambers. Typical volumes of these chambers are between
0.015 to 0.03 cm3 with diameters between 2 and 3 mm.

An issue with using ionisation chambers for small field dosimetry is volume
averaging due to their large sensitive volume. This is seen to be more prominent at
small field sizes and shallow depths. As a result, small volume ionisation chambers
should generally not be used in field sizes below 2 x 2 cm2. Output factors in field
sizes below this are seen to be overestimated due to the increase in lateral electronic
disequilibrium and dose averaging effects caused by the relatively large size of the
detectors sensitive volume (Laub and Wong 2003). Other known issues associated
with small volume ionisation chambers are low sensitivity and polarity effects
dependent on the field size (Stasi et al. 2004).

2.6.2 Diamond Dosimeters
A diamond dosimeter basically acts like a resistive element (Metcalfe et al. 2007).
The dosimeter is made of a fixed, hermetically sealed, cylindrical construction. The
outer shell is made from polystyrene and is fixed in a metallic holder. The chip of
diamond, which is the sensitive volume of the dosimeter, is positioned within the
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shell, which is sealed. Two contact wires, made from thin gold, are fixed to the chip
of diamond (Khrunov et al. 1990), see figure 2.12. A bias voltage is applied across
the two contacts, usually 100 V which provides an electric field across the diamond.
Mobile charges produced by absorbed radiation drift in this electric field and
generate a current in the external circuit (Kania et al. 1993). The resulting current is
proportional to the dose rate of the incident radiation (Podgorsak 2005).

Figure 2.12

Schematic diagram showing the structure of a diamond dosimeter
(Heydarian et al. 1993).

Diamond dosimeters have many appealing characteristics for small field dosimetry
including near water equivalence, high sensitivity, high spatial resolution and high
radiation resistance (Bucciolini et al. 2003, Westermark et al. 2000). As the effective
atomic number of diamond is close to that of water (Zeff Diamond = 6; Zeff H20 = 7.42) its
response has been shown to be energy independent (Bucciolini et al. 2003).
However, it has a dose rate dependency, under-responding with increasing dose rate
(Bucciolini et al. 2003, Westermark et al. 2000) as the probability of recombination
increases (Heydarian et al. 1993). This effect is predictable but varies between
individual detectors, as the active volume consists of a chip of diamond, any
variation in size, shape or purity will affect the degree of the dose rate dependency
(Scott et al. 2008). A pre-irradiation dose of at least 5 Gy is required to stabilise the
response of a diamond dosimeter to reduce the polarisation effect (Podgorsak 2005).

2.6.3 Silicon Diode Detectors
Silicon is a very poor conductor but it can be doped with impurities to create p- or ntype semiconductors. If silicon is doped with electron acceptor atoms (group V e.g.
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boron) a p-type semiconductor is produced and if silicon is doped with electron
donor atoms (group III e.g. phosphorus) an n-type semiconductor is produced
(Metcalfe et al. 2007). For both p- and n-type diodes, conduction occurs by
movement of electrons and by motion of hole states in the valence band. A p-n
junction diode is designed with one part of a p-silicon disc doped with an n-type
material, see figure 2.13. At the interface between the p- and n-type materials, a
depletion zone is created. This is due to the initial diffusion of electrons from the nregion and holes from the p-region across the junction. This occurs until equilibrium
is achieved and an electric field is developed across the region. The presence of the
electric field prevents any further diffusion after equilibrium is achieved. When
radiation is incident on the p-n junction diode, electron-hole pairs are produced in the
depletion zone. The existing electric field separates such pairs and ‘sweeps’ them out
of the depletion zone producing a radiation-induced current (Khan 2010).

Figure 2.13

Schematic diagram showing the basic design of a silicon p-n junction diode
(Khan 2010).
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Silicon diodes are commonly used in relative dosimetry and are available in shielded
and unshielded designs. The high density of silicon allows small sensitive volume
detectors to be produced with high spatial resolution and sensitivity. However,
silicon diodes typically have energy, directional and temperature dependence and are
subject to radiation damage (Metcalfe et al. 2007). The contribution of low energy
photons may be overestimated via the photoelectric effect, due to silicon having a
higher atomic number than water (ZSi = 14; Zeff H20 = 7.42) (Bucciolini et al. 2003,
Griessbach et al. 2005, Westermark et al. 2000, McKerracher and Thwaites 1999).
This introduces an energy dependent response (Scott et al. 2008, Scott et al. 2009,
Bucciolini et al. 2003, Griessbach et al. 2005, Westermark et al. 2000). For this
reason the signal in large fields and at large depths can be overestimated by as much
as 10% (Griessbach et al. 2005). Shielded diodes partially encapsulate the sensitive
volume in a metal cap to compensate for this energy dependent response. The use of
a metal cap preferentially attenuates the low energy photons backscattered from the
surrounding material, but places additional non-water equivalent material in close
proximity to the detector sensitive volume. Although the shielded diode’s metal cap
largely compensates for low energy photon contribution in output factor
measurements in fields larger than 10 x 10 cm2 (Griessbach et al. 2005), in small
fields it leads to an over response due to the backscattering of primary and secondary
electrons emerging from the metallic shielding into the sensitive volume (Griessbach
et al. 2005). This effect has been completely eliminated in the unshielded diode
design (Griessbach et al. 2005).

Unshielded diodes are constructed without metallic shielding and as a result are only
suitable for use in small fields, as the amount of scattered radiation is low. In fields
larger than 10 x 10 cm2 the energy dependent response of silicon discussed above
remains a limitation. Although the unshielded diode’s energy dependence has been
shown to vary little with depth in a high energy 25 MV photon beam, at 6 MV
photon energies dose is overestimated by between 1% and 2.5% at depths beyond
than 14cm (Bucciolini et al. 2003). Despite the favourable dosimetric characteristics
and the small sensitive volume of the unshielded diode, the overall physical diameter
of commercial diodes (7 mm) limits the use for in-air measurements to fields greater
than 1 x 1 cm2 to avoid dose averaging errors (McKerracher and Thwaites 2007b).
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Also, as silicon has a higher-than-unit-density, it will lead to a reduction in LEE
leading to an overestimation of dose in narrow beam geometries (Scott et al. 2008,
Scott et al. 2009, Heydarian et al. 1996).

Unshielded silicon diodes have been widely used for small field dosimetry
applications but have been found to over respond at small field sizes (Heydarian et
al. 1996, Somigliana et al. 1999, Westermark et al. 2000, Haryanto et al. 2002,
Francescon et al. 2008, Pantelis et al. 2010, Gagnon et al. 2012, Scott et al. 2012).
However, Eklund and Ahnesjo (2010) found unshielded diodes to slightly over
respond at the 5 mm wide field size. Currently, there is no general consensus in the
literature on unshielded diodes response in small fields or an explanation for the
results.

2.6.4 Thermoluminescent Dosimeters
Thermoluminescent dosimeters (TLDs) have the advantages of small physical size,
high spatial resolution and high sensitivity. However, preparation and readout
procedures are cumbersome and time consuming and high accuracy is difficult to
achieve. The main application for TLDs in radiotherapy is for in-vivo dosimetry and
measurements in anthropomorphic phantoms. Francescon et al (1998) found TLDs
to give consistent results with radiochromic film but that accuracy within 2-3% was
difficult to achieve. TLDs have not been used in this study.

2.6.5 Metal Oxide Semiconductors-Field Effect Transistors
Metal oxide semiconductors-field effect transistors (MOSFET) dosimeters have the
advantages of high spatial resolution and real-time readout. Unlike TLDs they so not
require post irradiation readout. MOSFETs have been used as in vivo dosimeters
(Hardcastle et al. 2009, Hardcastle et al. 2008, Qi et al. 2009). There on line readout
makes them more practical for some applications compared with TLDs. They do
have directional dependence, however this has been ameliorated by use in a tandem
back-to-back configuration (Hardcastle 2009).

Francescon et al (1998) found MOSFETS to over respond up to 10% in a 4.4 mm
diameter field. Sauer and Wilbert (2007) also seen this over response in small fields.
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This is possibly due to the silicon substrate, which has a high atomic number and
density. IPEM report 103 (2010) do not recommend the use of MOSFETs in small
field dosimetry. MOSFETs have not been used in this study.

2.6.6 Radiographic film
Historically, radiographic film had the advantage of high spatial resolution. Its
disadvantages include energy dependence, orientation dependence, processing
requirements and limited dose range. Bjarngard et al (1990) found radiographic film
to agree with radiochromic film to within 5% for field sizes below 1 cm diameter,
however as field size decreased so too did the reproducibility of the results. In terms
of practicality, radiographic dosimetric film is hard to source and developing
chemicals and equipment are also becoming a rare resource. Radiographic film has
not been used in this study.

2.6.7 Radiochromic Film
Radiochromic film is recommended for small field applications (Aspradakis 2010).
Radiochromic film consists of ultrathin (7 to 23

m), colourless, radiosensitive

leuco dye bonded on a base or sandwiched between two bases, usually made of
polyester. The film changes shade of colour as a result of a polymerisation process
induced by ionising radiation. No physical, chemical or thermal processing is
required (Khan 2010). The film develops by itself with time, due to polymerisation,
and can analysed using software after being scanned or by use of a point
densitometer. Radiochromic film requires calibration for use in radiation dosimetry.
The APPM Task Group 55 (Niroomand-Rad et al. 1998) provides recommendation
for calibration procedures.
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Figure 2.14

Schematic diagram showing the configuration of Gafchromic® EBT2
dosimetry film (International Specialty Products 2009).

Advantages of radiochromic film for small field dosimetry include near water
equivalence (Zeff = 6 – 6.5) and high spatial resolution. Unlike radiographic film,
radiochromic film is insensitive to visible light, although it does exhibit some
sensitivity to UV light and temperature and therefore must be stored in a dark and
controlled environment (Khan 2010). It is also water resistant and therefore can be
used for measurements in a water phantom. Arjomandy et al (2010) reported that
Gafchromic® EBT2 (Ashland Inc, Covington, KY) had a small energy dependence,
within measurement uncertainties, and is therefore more appropriate for use as a
relative dosimeter.

Disadvantages of radiochromic film includes darkening, temperature, polarisation,
orientation and UV sensitivity as well as non-uniformity across batches as well as
individual sheets (Aspradakis 2010). Several studies have reported reasonably low
uncertainties (between 2-3%) for radiochromic film in small field dosimetry
applications (McLaughlin et al. 1994, Mack et al. 2003, Devic et al. 2005), which is
why in this report Gafchromic® EBT2 film is used as a comparative dosimeter.

2.6.8 Plastic Scintillation Dosimeters
Scintillation dosimetry works on the principle that incident ionising radiation will
excite atoms of the scintillation medium. Photons in the visible part of the
electromagnetic spectrum are emitted as these excited states decay. However, the
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majority of the incident kinetic energy lost is dissipated as heat or lattice vibrations.
It is important that the light yield is linearly proportional to energy deposited by the
charged particles. A photodetector converts the fluorescent light into an electric
signal. This electric signal can then be related to absorbed dose. Scintillation
dosimeters can be comprised of a variety of materials including organic materials,
such as plastics. Plastic scintillators have the advantage of being relatively water
equivalent, in both atomic number and density. Plastic scintillators have an efficiency
of about 2.4% but the light output is directly proportional to the energy deposited i.e.
linear yield (Beddar et al. 1992b, Beddar et al. 1992c).

Plastic scintillators have many favourable characteristics over current commercially
available detectors. They offer high spatial and temporal resolution and are energy,
dose rate and angular independent (Beddar et al. 1992c, Beddar et al. 1992a, Lambert
et al. 2010). However, they are susceptible to Cerenkov radiation which is generated
in the optical fibre when a charged particle travels faster than c/n, where c is the
speed of light in a vacuum and n is the refractive index of the fibre core material
(Lambert et al. 2010). This Cerenkov radiation is the predominant source of noise in
the dosimeter signal. Many methods have been suggested for the removal of this
Cerenkov radiation including the use of a second background fibre, temporal
filtration and the exploitation of the spectral differences between Cerenkov and the
scintillation signal (Beddar et al. 1992b, Clift et al. 2002, Clift et al. 2000, de Boer et
al. 1993, Fontbonne et al. 2002, Lacroix et al. 2008).

The air core fibre optic dosimeter (FOD) is a plastic scintillation dosimeter that has
been developed for applications in high-energy photon dosimetry, particularly where
high spatial resolution is required (Lambert et al.2010, Konnoff et al. 2011). The
dosimeter makes use of an air core light guide to transport the scintillation signal out
of the primary radiation field (Lambert et al. 2010), avoiding the generation of a
Cerenkov background signal. The FOD system has a rapid response and good
dosimetric performance (Konnoff et al. 2011, Liu et al. 2011, Lambert et al. 2010).
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2.7

Monte Carlo

Monte Carlo modelling uses photon and electron transport physics to predict the
trajectories of individual particles and the resulting pattern of energy deposition. A
particle history refers to the transport of an incident particle and of the particles that
it subsequently sets in motion. Probability distributions are used to randomly select
each interaction from all possible interactions. By the addition of a large number of
histories, the energy deposition can be generated (Metcalfe et al. 2007). Various
Monte Carlo codes exist for modelling linear accelerator beams. EGSnrc
(Measurements Science and Standards 2011) and GEANT (Geant 4 2012) are two
commonly commercially employed codes.

In the absence of good agreement between different detector types in small radiation
fields, Monte Carlo modelling has been explored. It allows for each dosimeter to be
modelled by simulating the energy deposited per radiation particle in the material
(Francescon et al. 2008). Monte Carlo methods have been used to both predict
dosimetric properties of small photon fields as well as to calculate perturbation
correction factors for detectors in small field conditions (Li et al. 1995, Heydarian et
al. 1996, Westermark et al. 2000, Ding et al. 2006, Scott et al. 2008, Francescon et
al. 2008, Scott et al. 2009, Fan et al. 2009, Pantelis et al. 2010, Scott et al. 2012). The
accuracy with which Monte Carlo models based on large photon field data can
describe small field dose distributions is largely dependent on the modelled width of
the electron beam profile incident on the linear accelerator target (Scott et al. 2009).
Detailed modelling of correlations between the electron fluence profiles, penumbra
shape and source occlusion has been reported by Scott et al (Scott et al. 2008, Scott
et al. 2009). Measurements with detectors remain necessary to allow for the finetuning of model parameters such as focal spot sizes and their impact.

This thesis was an experimental study that compared FOD with other dosimeters. As
such, no Monte Carlo data has been included.
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2.8

Scattered and Primary Radiation

While the dose to a point in a medium is complex due to electron deposition range,
the photons can be modelled as being comprised of two elements; primary and
scattered radiation (Khan 2010). Primary radiation is radiation that is emitted from
the source, which does not undergo any intermediate interactions before entering the
medium. Scattered radiation is radiation with a history of scattering and can be
divided into head scattered radiation (head scatter) and phantom scattered radiation
(phantom scatter). Head scatter arises from radiation that is scattered from the
different components in the linear accelerator head and/or the air column between
the source and the medium. Phantom scatter arises from radiation scattering within
the medium of interest. It is useful to separate the total scatter factor, Sc, p into its
components arising from head scatter, Sc and phantom scatter, S p (Khan 2010):
Sc, p

Sc

Sp

(2.20)

The component arising from phantom scatter is difficult to measure experimentally.
Therefore, it is usually derived from the total scatter factor and the head scatter
factor:

Sp

Sc, p
Sc

(2.21)

2.8.1 In-water Output Factor
The total scatter factor will be referred to in the thesis as the in-water output factor,
Sc, p . It is defined as the ratio of the absorbed dose for the used collimator setting, s,

to the absorbed dose for the reference field size, sref, for the same number of monitor
units (MU), in a large water phantom at the same reference depth, dref, and the same
source-to-detector distance, zref, on the central axis,
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S cp (c

where

s)

D (c
D (cref

s; z ref ;d ref ) / MU
sref ; z ref ; d ref ) / MU

(2.22)

D is the absorbed dose in the phantom.
c=s indicates that the field size of the phantom at depth dref.
s is that defined by the collimator setting, c, at the isocentre, usually
10 cm from the radiation source (Zhu et al. 2009).

Figure 2.15

Schematic diagram illustrating the definition of Sc, p , adapted from (Khan
2010).

The difficulties to be overcome when measuring Sc, p include the narrower energy
spectrum and higher average energy than that of the reference field and the
perturbation to the secondary electron fluence caused by the detector (Aspradakis
2010). There are currently no commercially available detectors which can accurately
measure Sc, p in small radiation fields without using corrections that account for the
finite size of the detector, the material of its sensitive volume and its construction
(Aspradakis 2010).
Many studies have investigated Sc, p for small fields (Heydarian et al. 1996,
Westermark et al. 2000, Zhu et al. 2000, Sauer and Wilbert 2007, Fan et al. 2009,
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Scott et al. 2009, Klein et al. 2010, Cranmer-Sargison et al. 2011, Dieterich and
Sherouse 2011, Francescon et al. 2012, Ralston et al. 2012).
Heydarian et al (1996) measured Sc, p for a 6 MV photon beam in fields down to 5
mm in diameter on a Siemens linear accelerator (Siemens Ltd, Bayswater, VIC)
using a variety of dosimeters; ionisation chamber, diamond and unshielded diode, as
well as Monte Carlo modelling. Their findings indicated that the lack of LEE could
cause errors in the dosimeters response, especially when using a non-water
equivalent dosimeter and/or dosimeter of relatively large size. They found that the
diamond dosimeter they tested, when corrected for dose rate dependence, gave more
accurate results than ionisation chambers and diode dosimeters.

Westermark et al (2000) used a liquid ionisation chamber, diamond dosimeter, two
unshielded diodes and a scintillation dosimeter to measure Sc, p in 6 and 18 MV
photon beams with diameters down to 4 mm in diameter on a Varian linear
accelerator. They found large discrepancies between all detectors at the smallest
fields due to characteristics of the sensitive volume materials and the construction of
the dosimeters. They suggested the unshielded diode was the most reliable in small
fields due to its small size.

Zhu et al (2000) used two diode dosimeters, a parallel-plate ionisation chamber and
film to measure Sc, p for a 6MV photon beam with field diameters between 5 and 50
mm on a Varian linear accelerator. Although each detector was found to have its
own drawback, the unshielded diode was found to be the most convenient,
reproducible and reliable of the dosimeters tested. It was suggested that diode results
should be compared to other dosimeters to ensure accurate Sc, p results are obtained.

Sauer and Wilbert (2007) provided a literature review of previous attempts at
measuring Sc, p . They found that there was no general consensus on which dosimeter
should be used and what correction factors should be applied and that furthermore,
some results were contradictory. They measured Sc, p on an Elekta linear accelerator
(Elekta AB publ, STH) for a 6 and 10 MV photon beam down to 4 mm field
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diameters. They used 6 different detectors; two ionisation chambers, a shielded and
unshielded diode, a MOSFET and a diamond dosimeter. Analytical functions were
used to correct the dosimeters response. It was found that, if linear sensitivity
corrections were applied, the investigated solid state dosimeters agreed down to 8
mm field size. All dosimeters were suggested to be suitable for measurements down
to 8 mm, except the MOSFET due to a high spread in the results. In field sizes below
8 mm in diameter the reduced signal was attributed to volume averaging in all the
dosimeters. It was suggested to use the smallest dosimeter with the highest signal for
these measurements.
Fan et al (2009) found that there was no general agreement in small field Sc, p values
amongst the Varian Trilogy user community and was concerned that such variation
may impair observations of dose response and optimisations of the prescribed dose.
A scanning beam/scanning chamber method was suggested to overcome the
limitation/difficulty of using a relatively large dosimeter in a narrow beam for output
factor measurements. Multiple narrow beams were used for the dose measurement
using a finite size chamber. The multiple scanning beams form an equivalent large
uniform field that provides LEE. After the measurement, the contributions from
neighbouring beams are deconvolved and the value is used for output factor
determination. Monte Carlo simulation data was found to agree with film for all field
diameters 5 to 30 mm in a 6 MV photon beam. Ionisation chamber measurements
were determined using the above method and found to agree with film and Monte
Carlo data to within

2%.

Scott et al (2008, 2009, 2012) used a small volume ionisation chamber, diamond
dosimeter and shielded and unshielded diode dosimeter as well as Monte Carlo
modelling to determine Sc, p in a 15 MV photon beam produced by a Varian linear
accelerator. They found the diode dosimeter to be the most appropriate for
measuring small field output factors for field widths greater than 10 mm. However,
at field sizes below this, the diode is seen to over respond by up to 3%. A 4.5%
difference was seen between the Monte Carlo model and the dosimeters. The
sensitivity of the Monte Carlo model on focal spot size is stressed. In the most recent
publication (Scott et al. 2012) the cause of the diode over response in small fields in
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investigated. It is proposed to be due, not only to the high atomic number of silicon,
but also the high density. They provide correction factors for these diode dosimeters
in small fields.
Klein et al (2010) measured Sc, p on a Varian linear accelerator for 6 and 18 MV
photon beams with field sizes down to 5 mm wide. A small volume ionisation
chamber was used along with a small plastic scintillation dosimeter. The plastic
scintillation dosimeter gave results up to 15% higher than the ionisation chamber at
small field sizes. The scintillation dosimeter was believed to be accurate as it was
inherently less susceptible to volume averaging and perturbation effects compared to
the ionisation chamber.

Cranmer-Sargison et al (2011) using two linear accelerators, Varian and Elekta, in
their study of output factors for a 6 MV beam down to 5 mm field diameter. Seven
diode dosimeters, including shielded and unshielded designs, were used in this
investigation. The motivation for this work was to provide detailed experimental
results that could be used for Monte Carlo modelling as well as a comprehensive
uncertainty analysis.
Dieterich and Sherouse (2011) measured Sc, p on a Varian linear accelerator and a
Cyberknife system (Accuray Inc, Sunnyvale, CA) using seven commercial diode,
both shielded and unshielded types. They used a method termed ‘daisy-chaining’ to
correct diode results at larger field sizes with ionisation chamber results. The
standard deviation achieved was 2% at 5 mm field diameter. The daisy-chaining
method was found to have limited value for all diodes except for the SFD as their
response up to a 10 x 10 cm field was very consistent. The SFD was found to have a
strong field size dependence.

Francescon et al (1998, 2008, 2009, 2010, 2011, 2012) used multiple dosimeters
(microchambers, diode and diamond dosimeters) and Monte Carlo to determine Scp
for small fields. They found none of the dosimeters were suitable without corrections
being applied, either for volume averaging (microchambers and diamond) or high
atomic number material (diode). Correction factors were determined to allow for the
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estimation of Scp for small fields for a Cyberknife radiosurgery system. However,
these Monte Carlo based correction factors are dependent on modelled electron focal
spot size, which changes between machines, as well as the dosimeter.

2.8.2 In-air Output Factor
In the thesis, the component arising from head scatter will be referred to as the in-air
output factor, Sc (Zhu et al. 2009). Sc , allows for the characterization of how
incident photon fluence per monitor unit (MU) varies with collimator settings (Zhu
et al. 2009). Sc is defined as the ratio of primary collision water KERMA in free
space, Kp, per monitor unit between an arbitrary collimator setting, c, and the
reference collimator setting, cref, at the same location on the central axis,

S c (c )

where

K p (c; z ref ) / MU
K p (cref ; z ref / MU

(2.23)

zref is the reference source-to-axis distance (SAD), usually 100 cm.
cref usually 10 x 10 cm2 (Zhu et al. 2009).

Due to difficulties in measuring this value directly, it is experimentally estimated by
the ionisation ratio measured in a miniphantom or with a build-up cap.
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Figure 2.16

Schematic diagram illustrating the definition of Sc , adapted from (Khan
2010).

Sc is traditionally measured using a Farmer style ionisation chamber with build-up,
the purpose of which is to place the detector at a point of charged particle
equilibrium and remove contamination by low energy electrons. As the energy of the
beam increases, so too does the thickness of build-up material required to achieve
charged particle equilibrium. If electron contamination is not eliminated, the
dosimeter reading will erroneously increase, particularly at larger field sizes (Zhu et
al. 2009). Various build-up caps and miniphantom designs have been used (Scott et
al. 2009, Zhu and Bjarngard 1994, McKerracher and Thwaites 2007b, McKerracher
and Thwaites 2007a, Heydarian et al. 1996, Li et al. 1995, Weber et al. 1997, Frye et
al. 1995).
Although many studies have investigated the measurement of Sc, p for small fields
(Heydarian et al. 1996, Sauer and Wilbert 2007, Francescon et al. 2008, Francescon
et al. 2009, Fan et al. 2009, Klein et al. 2010, Dieterich and Sherouse 2011, Ralston
et al. 2012), there are few studies reporting measurement of Sc for small fields (Zhu
and Bjarngard 1994, McKerracher and Thwaites 2007b, Scott et al. 2009). Measured
in-air output factors are needed to provide knowledge of fluence variations for use in
beam modelling and dose calculations and it is recommended they be measured as
part of the commissioning process for each linear accelerator (Aspradakis 2010). It
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has been estimated that head scattered photons comprise approximately 12% of the
total primary energy fluence exiting the accelerator head, for a flattened broad 6 MV
photon beam (Sharpe et al. 1995).
Zhu and Bjarngard (1994) measured Sc for 6 MV photon beams from four different
linear accelerators in field widths 0.8 cm to 40 cm using a 0.1 cm3 ionisation
chamber. Two build-up caps were used in the measurements, one made from lead
and the other from acrylic. The measurements were performed at an extended
source-to-surface distance (SSD) of 3 m. Alignment of the dosimeter with the
radiation field was verified with radiographic film. They found no difference (not
quantitatively given) between measurements with the lead and acrylic miniphantoms
and concluded that there are no observable effects of the spectral change on the
response of the detector in the lead cap. The decrease that was seen in the in-air
output factor in small fields (

3 cm in width) was attributed to source occlusion,

due to reported focal spot sizes of around 5 mm.

McKerracher and Thwaites (2007a, 2007b) investigated a variety of dosimeters,
miniphantom designs and methodologies for the measurement of Sc in small
radiotherapy fields. Fields down to 5 mm wide were measured on a Varian linear
accelerator for a 6 MV photon beam. Miniphantoms made of water equivalent
material and brass were used, with a range of build-up heights and sidewall
thicknesses. They found that Sc can be measured in small fields (1 to 4 cm in width)
can be measured reproducibly with solid state dosimeters under conditions of lateral
electron disequilibrium using a miniphantom with diameter equal to the width of the
dosimeter housing. Small differences were found between measurements using the
water equivalent and high-density miniphantom (0.3%) and using a height equivalent
to the depth of dose maximum (dmax) and 5 cm (d5) (0.2%). Four solid state
dosimeters (one shielded diode, two unshielded diode and a diamond dosimeter)
were used in the study and all were found to be suitable for measurements in fields
1 cm wide. However, none of the dosimeters were suitable for measurements in field
widths below 1 cm.
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Scott et al (2009) used Monte Carlo modelling to determine Sc in fields as small as 5
mm in diameter for a 15 MV photon beam produced by a Varian linear accelerator.
They found Sc decreases rapidly as the field diameter is reduced below 10 mm. This
decrease increases as focal spot size is increased. This is a result of source occlusion.
They concluded that, although it is possible to predict small field profiles and
percentage depth doses (PDD) using a Monte Carlo model matched to large-field
data, without a robust method of determining the electron or photon focal spot, it will
remain necessary to measure small field output factors and optimise Monte Carlo
modelled source width to match them.

In 2009 the American Association of Physicists in Medicine (AAPM) Task Group
(TG) 74 released a report on the in-air output ratio, Sc , for MV photon beams (Zhu
et al. 2009). This report reviewed previous published studies and provided
recommendation on the measurement of Sc in small fields.
In 2010 the Institute of Physics and Engineers in Medicine (IPEM) published a
report on small field MV photon dosimetry (Aspradakis 2010). This report is a
comprehensive review of small MV field characteristics, dosimeters and published
studies. Recommendations are provided on relative measurements in small fields,
including Sc .

2.8.2.1 Miniphantom design
There are four important considerations in miniphantom design: the material
composition, the height, the overall width and the thickness of the sidewalls. The
AAPM TG-74 (Zhu et al. 2009) and IPEM Report 103 (Aspradakis 2010)
recommend the use of a water-equivalent miniphantom for field sizes larger than 50
mm and a miniphantom made of a high-density material such as common brass for
field sizes below 5 x 5 cm. It has been shown that measurement of Sc is not
dependent on the atomic number of high-density miniphantoms in field sizes with
equivalent square side less than 4 x 4 cm in a 6 MV photon beam (Zhu and
Bjarngard 1994, Li and Zhu 2006, McKerracher and Thwaites 2007a, McKerracher
and Thwaites 2007b). However, at larger field sizes and higher energies this is not
the case due to the change in energy spectrum with field size.
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The AAPM TG-74 (Zhu et al. 2009) argues that a miniphantom height equivalent to
the depth of dose maximum (dmax) is insufficient to eliminate electron contamination
and a water equivalent height of 10 cm (d10) is recommended, based on
measurements of the electron contamination in a 24 MV photon beam (Thomadsen
et al. 1993). There is no recommendation for the more commonly used 6 MV photon
beam. The lateral dimensions of the miniphantom are recommended to be large
enough to maintain charged particle equilibrium (minimum 1.2 mm brass for up to
18MV photon beam) unless experimental verification shows a thinner wall is
sufficient for local conditions (Zhu et al. 2009), see figure 2.17.

Figure 2.17

Schematic diagram of a brass miniphantom recommended for measurement
of Sc for square fields larger than 1.5 x 1.5 cm 2 and photon energy less than
25 MV. The longitudinal thickness (h1) of the miniphantom facing the
radiation should be equal to or larger than 1.2 cm (or 10 g cm-2,
g cm-3). The inner dimensions of the miniphantom (

1)

= 8.4-8.7

equals the outer

diameter of the detector. The height, h, should be sufficient to cover the
detector sensitive volume, e.g. 2 cm. The outer diameter of the miniphantom
(

2)

can be such that the wall is thinner (but minimum 1.2 mm brass for up

to 18 MV) than the thickness required for LEE given that the total lateral
dimensions above the chamber well ensures LEE for the photon energy, and
the effect on Sc measurements falls within required accuracy (Zhu et al.
2009).
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The width of the miniphantom must be smaller than the radiation field so that the
scatter generated in the miniphantom is constant across the whole range of fields to
be measured. Conventional miniphantoms have a water equivalent width of twice
dmax. For plastic miniphantoms, this equates to several centimetres, which is larger
than the high dose region of small fields. By using a high-density material the
dimension of the miniphantom can be reduced, enabling the outputs for smaller
fields to be measured, while maintaining constant miniphantom scattering
conditions.

McKerracher and Thwaites (2007b) have reported that a miniphantom with zero side
wall thickness and an equivalent height of dmax is sufficient to reduce electron
contamination to a negligible level in a 6 MV photon beam in field widths below 40
mm. Normalizing the ratio obtained with the high-density miniphantom to an
intermediate field sizes (30 – 50 mm in width) and multiplying the resultant values
by the Sc measured for the intermediate field size with a water-equivalent
miniphantom will give values for Sc with very little error (Zhu et al. 2009).
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2.9

Uncertainties

The uncertainties used in this study are based on the formalism presented in IAEA
Technical Report Series 398 (Andreo et al. 2006). In this formalism, uncertainties
are divided into two sources, Type A uncertainties and Type B uncertainties.

2.9.1 Type A Standard Uncertainties
In a series of n measurements, with observed values xi, the best estimate of the
quantity x is usually given by the arithmetic value:

x

1
n

n

xi

(2.24)

i 1

The standard deviation characterises the spread of the n measured values of x around
their mean x :

n

1

s(x i )

n 1i

(x i

x) 2

(2.25)

1

Generally, it is the standard deviation of the mean value s(x) that is of interest:

s(x)

1
s(x i )
n

(2.26)

If several groups of measurements are used to calculate s(x) the above formulas
apply but xi is the mean of group i and x is the overall mean (or mean of the means)
of the n groups.

For small sample sizes the Student t test could be applied, whereby the measure of
the variability of the mean is scaled by a confidence coefficient, t. This however,
would only apply to the random component of the error analysis.
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The standard uncertainty of Type A, denoted

A

, is the standard deviation of the

mean value:
s(x)

A

(2.27)

2.9.2 Type B Uncertainties
Type B uncertainties provide an estimate of the uncertainties that cannot be
determined by repeated measurements. This includes the known influences, such as
temperature and pressure, as well as suspected unknown influences on the
measurement process.

Type B uncertainties must be estimated so they correspond to standard deviations.
For ease, Type B uncertainties are usually assumed to be described by a rectangular
probability density, i.e. that they have equal probability anywhere within the given
maximum limits, -M and +M:

B

M
3

(2.28)

There are no rigid rules for estimating Type B standard uncertainties. They should be
estimated as best as can be using all knowledge and experience.

2.9.3 Combined Uncertainty
As both Type A and Type B standard uncertainties are estimated as standard
deviations, they are combined using the statistical rules for combining variances. The
variance is the square of the standard deviation. The combined uncertainty of a
measurement is therefore given by:

2
c

A
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2
B

(2.29)

3 MATERIALS AND METHODS
Measurements were performed on a Varian Novalis Tx linear accelerator (Varian
Medical Systems Inc, Palo Alto, CA). The Novalis Tx linear accelerator is designed
specifically for stereotactic radiosurgery and stereotactic radiotherapy applications. It
is the result of a collaborative effort between Varian Medical Systems and Brainlab
(Brainlab Inc, Feldkirchen). Features include a high dose rate, dynamic beam
shaping and stereotactic frameless patient positioning. Beam shaping is achieved
using either multi-leaf collimators (MLCs) or stereotactic cone collimators. MLCs
consist of pairs of interleaved collimators that can move independently, allowing for
flexible field shaping. The Novalis Tx linear accelerator that was used in these
measurements was fitted with Varian high-definition (HD120) MLCs. HD120 MLCs
have 60 pairs of leaves and are capable of defining fields down to 2.5 mm (2.5 mm
in an 8 cm wide central region across isocentre and 5 mm beyond this). The square
MLC field widths used were 5, 10, 20, 30, 40, 60, 80 and 100 mm with jaw settings
as recommended by the vendor (8, 12, 22, 32, 42, 60, 80 and 100 mm square widths
respectively). Stereotactic ‘cone’ collimators project beams of varying diameters at
isocentre. The cone diameters used were 4, 7.5, 10, 12.5, 15, 17.5, 20, 25, and 30
mm with the jaws kept constant at 5 x 5 cm.

Measurements were performed using the fixed stereotactic mode with 6 MV photons
and a dose rate of 1000 MU min-1. A PTW MP3-M motorised water tank (PTWFreiburg GmbH, FR) was used for all output factor measurements, however it was
emptied for the in-air measurements. This water tank has positional accuracy of 0.1
mm specified by the manufacturer.

Virtual Water™ (Standard Imaging Inc, Middleton, WI) was used for the in-water
measurements to fix the detectors within the water tank. A custom Virtual Water
holder was made by for the FOD measurements, see figure 3.1. For in-air
measurements the dosimeters were fixed to a small support made of Styrofoam™
(The Dow Chemical Company, Midland, MI) (density 0.03 g/cm3). The purpose of
fixing the dosimeters to the Virtual Water and Styrofoam was to increase the
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distance between the point of measurement and the metal scanning arm of the water
tank, whilst ensuring a rigid and reproducible set-up.

30 cm

5 cm

Figure 3.1

Photograph of the custom Virtual Water holder.

To ensure accurate alignment with the radiation isocentre each dosimeter was
scanned across the field in the water tank, both in-plane and cross-plane, in 0.1 mm
increments to find the maximum reading. The point of maximum readings was found
using the smallest field size setting for each collimation method (4 mm diameter
cone, 5 mm MLC field width) and was maintained for all subsequent measurements
using the same collimation method.
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3.1

Dosimeters

Table 3.1 summarizes the dosimeters used and their sensitive volume dimensions.

Table 3.1

Dimensions of dosimeters used.

Dosimeter

Sensitive Volume
Diameter
Thickness or
(mm)
length (mm)

Volume
(mm3)

External
Dimension
(mm)

PTW Semiflex
Chamber, (IC)

5.5

6.5

125

6.2

PTW Diamond,
(60003)

3.5*

0.3*

2.9*

7

PTW diode E, (60012)

1.12

0.0025

0.0025

7

IBA stereotactic diode,
(SFD)

0.6

0.06

0.017

Fibre optic dosimeter,
(FOD)

1

1

0.8

2

Gafchromic EBT2 film

-

0.028

-

-

4

* The dimensions of the sensitive volume of a PTW Diamond detector, type 60003, vary
between each dosimeter, as it is a chip of natural diamond. Therefore, these dimensions are
specific to the diamond detector used in this study.

The 0.125 cm3 PTW Semiflex ionisation chamber is designed to be a compromise
between a small detector volume for high spatial resolution but with a large enough
volume for high enough signal to noise ratio to ensure accurate dose measurements.
It was designed for use in fields of widths 20-400 mm. This was used with a PTW
Unidos E electrometer with a bias voltage of 400 V.

The PTW Diamond Detector (type 6003), with a naturally grown diamond, is a near
water equivalent small sensitive volume detector. It is designed for dose distribution
measurements in high-energy photon and electron beams, particularly in small fields
or in steep dose gradients. This was used with a PTW Unidos E electrometer with a
bias voltage of 100 V.
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The PTW Diode E (60012) and the IBA stereotactic field diode (SFD) are both
unshielded p-type diodes, which consist of a silicon chip encapsulated by a polymer
plastic cap. These dosimeters were specifically designed for use in small photon
fields. They were used with a PTW Unidos E electrometer with a bias voltage of 0
V. Please note, the SFD was only available for in-air output factor measurements as
it was a loan from another department.
The air core Fibre Optic Dosimeter (FOD) design incorporates a 0.8 mm3 cylindrical
BC400 polyvinyl toluene plastic scintillator (St. Gobain Ceramics & Plastics Inc,
OH), see figure 3.2. The FOD has been shown to be suitable for dosimetry in MV
photon beams (Lambert et al. 2010). The signal-to-noise ratio of this dosimeter is
increased compared to a solid fibre, allowing the size of the active element to be
reduced. Monte Carlo modelling has shown that the air core FOD is dosimetrically
water equivalent and has minimal energy dependence from 100 keV to 10 MeV
(Wang et al. 2010) relative to water. Below 100 keV variations in dosimetric water
equivalence (Wang et al. 2010) have been identified, and a change in light output
efficiency of BC400 has been reported (Kirov et al. 1999). However neither of these
effects has been shown to affect the performance of fibre optic dosimetry of MV
photon beams from linear accelerators.

Figure 3.2

Photograph of one of the FODs used in this study. The length of this FOD is
10 cm.
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The 0.8 mm3 cylindrical plastic scintillator is inserted into one end of an air core
light guide, which is in the form of a silvered silica tube (Polymicro Technologies
LLC, USA). The air core light guide has an internal diameter of 1 mm and an
external diameter of 1.3 mm. The thickness of the silver coating is between 100 –
200 nm. On the opposite end of the light guide to the scintillator the guide is coupled
to a 1 mm diameter solid core PMMA fibre, see figure 3.3. A second parallel fibre is
connected to a second PMT and used to subtract the small Cerenkov background
signal generated in the extension fibre by scattered radiation. The current produced
from the PMTs, which is proportional to the dose rate, is measured by a Keithley
electrometer (Model 617, Keithley Instruments Inc, Cleveland, OH) using
customised LabVIEWTM software.(Liu et al. 2012, Lambert et al. 2008).

Figure 3.3

Schematic diagram showing the cross section of an air core FOD. Adapted
from (Liu et al. 2011).

Light is guided by the reflective silvered surface on the interior of the light guide. As
air has a refractive index close to that of vacuum, Cerenkov radiation is not generated
in the air core. However, due to the relatively high attenuation loss of the air core
light guide the use of a sensitive detector such as a photomultiplier tube (PMT) rather
than a CCD camera is required for good SNR. Photomultiplier detectors have the
advantage of low noise, fast response and high sensitivity (Liu et al. 2011), see table
3.2. The FOD is the main type of dosimeter studied in this thesis.
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Table 3.2 Summary of air core system performance. Adapted from Liu et al (2011).

Air core system
Excellent
Agrees with
ionisation chamber
to 0.7%

Dosimetric accuracy (SNR)

Short
Acquisition time

0.5 s required for 1%
reproducibility
Moderate

Angular dependence

Up to 4% deviation
(photon beam)

Warm-up period

Not required
Simple

Calibration complexity

Standard calibration
procedure

Gafchromic® EBT2 film is a self-developing radiochromic film with high
sensitivity. It has been designed for the measurement of absorbed dose of highenergy photons. It has a sensitive layer 0.028 mm thick, which is sandwiched
between polyester substrate and adhesive layers for a total thickness of 0.278 mm.
EBT2 film pieces of 5 x 5 cm2 were used for field diameters 15 mm to 30 mm and
3.5 x 3.5 cm2 pieces were used for measurements in field diameters below 15 mm.
Each sheet of film that was used had its own calibration set. These calibration films
were exposed to a known dose in reference set-up conditions (1.5 cm depth, 10 x 10
cm2, 100 cm SSD) for a range of doses (Niroomand-Rad et al. 1998). Calibration
films were exposed in Virtual Water, with 10 cm of backscatter. For the in-water
profiles, that were used to calculate volume averaging factors, two separate
exposures were performed for each field size. For the in-air cone output factor
measurements, a minimum of 10 separate film exposures was performed for each
cone.
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For both in-water and in-air measurements the monitor units delivered to each field
size were scaled by the inverse of the output factor measured by the FOD for that
field size i.e. higher MUs delivered for smaller fields. For example, for the
measurement of Sc with the 4 mm cone, the FOD measured Sc is 0.937, therefore
the MU delivered to the EBT2 film is

500MU
, =534 MU.
0.937

The objective of this is simply to keep the EBT2 film response in approximately the
same dose range for all experiments to to minimize the uncertainty of the conversion
from optical density to dose. The measured dose values were then scaled down by
the same factors.

Films were kept in a low-light environment for 48 hours after exposure before they
were scanned with an EPSON 10000 XL scanner. The scanner was used in
transmission mode with 150 dpi (0.17 mm pixel size) and 48 bit colour (16 bit per
channel) RGB with all corrections turned off. Consistent film orientation was
maintained (portrait). All films were scanned individually, using only the central
portion of the scanner, eliminating the known off-axis non-uniformity response
(Aland et al. 2011). Only the red channel data was used. Films were scanned 6 times,
with the first 3 scans being discarded and the last three being used for analysis. This
was to minimise warm-up effects of the scanner (Devic et al. 2005).
A square ROI, approximately 2 x 2 cm2, in the centre of each calibration film piece
was used to obtain the mean pixel value. Once all mean pixel values were averaged
over the three scans, the optical density, OD, was then calculated.
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OD

where

I
log 10 ( 0 )
I

(3.1)

I0 is the background intensity, which is equal to the mean pixel
value of the 0 cGy calibration film.
I is the intensity of the film being measured, which is equal to the
mean pixel value.

The known dose was then plotted against the optical density and a third order
polynomial trend line fitted, see figure 3.4. The equation of this polynomial equation
is then used to obtain dose for the measurement films.

Figure 3.4

Plot of dose against optical density with a third order polynomial trend line
fitted.

For the in-water profile measurements line profiles of each film were taken using
Image J software (National Institute of Health). These profiles were normalised to
the central maximum pixel value. The distance was calibrated on the film so that the
off-axis ratio (OAR) value could be determined, where the normalisation point
corresponds to the origin.
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For the in-air output factor determination a circular ROI in Image J was used to
determine the mean pixel value in the high dose region of field. The ROI was 1 mm
in diameter to approximate the size of the sensitive volumes of the other dosimeters
used in the study.
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3.2

Uncertainties

The error bars shown in all figures represent one standard deviation of the combined
uncertainty as defined by IAEA Technical Report Series 398 (Andreo et al. 2006).

Type A uncertainties include the reproducibility of the measurements. The short-term
reproducibility was determined using the standard deviation of repeat measurements
in the one measurement session. The medium to long-term reproducibility is given
by the standard deviation between individual measurement sessions. For the
ionisation chamber, diamond, two diodes and the FOD only three measurement
sessions were performed due to the stability seen in the results between sessions. The
maximum percentage difference between the measurement sessions for these
dosimeters was 1.1%, and the means was 0.2%, therefore they were not repeated any
more as they were deemed to be highly reproducible. Due to the limited number of
measurement sessions for these dosimeters, it was not viable to calculate standard
deviations for medium to long-term reproducibility. For the ionisation chamber,
diamond, two diodes and FOD the medium to long-term reproducibility was
estimated as a Type B uncertainty.

The EBT2 measurements displayed greater instability between measurement sessions
compared to the other dosimeters and therefore they were repeated between 8 and 25
times for each field size. As film allows for a visual verification of the top placement
with respect to the field, many measurements were discarded from the results, as it
was obvious that the top was not accurately aligned, see figure 3.5. The minimum
number of films used for each field was 8. The uncertainties in the EBT2 were
calculated as 1 standard deviation of all results.
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Figure 3.5

An example of a film where the 3 mm top was obviously not centred in the 4
mm cone field. Measurements like this were not included in the results.

Type B uncertainties were estimated and included the effects of the dosimeter not
being accurately centred in the radiation field, the positioning of the top over the
sensitive volume of the dosimeter and output variation in the linear accelerator.
These Type B uncertainties had to be estimated for each dosimeter, miniphantom and
field combination.

The ability to centre the dosimeter in the radiation field is dependent on the accuracy
of the ‘sweet spot’ method used. With this method the dosimeter was scanned, both
in plane and cross plane, in 0.1 mm increments until the maximum reading was
observed. The accuracy of this depends largely on the accuracy of which the
scanning arm of the tank moves the dosimeter, but also includes the ability to be in
the position of maximum reading. The manufacturers stated positional accuracy of
the water tank is

0.1 mm in the x, y and z axis. The maximum reading was based

on electrometer readings in current mode. It was found that changes in beam
intensity around the centre of the field were small when making such small
movements. It is estimated that this error in this method is about 0.2 mm. To estimate
the effect that this displacement will have on the overall measurement, EBT2 profiles
were used.
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The positioning of the top was dependent on the accuracy of the overhead laser in the
room. These lasers are verified daily to ensure that they coincide with the radiation
isocentre to within 0.3 mm. The positioning of the miniphantom using the overhead
lasers became increasingly difficult as the top width was reduced. Therefore, the
positional uncertainty of the top was estimated for each top independently. Again the
effect of a misalignment was compared to the profile of the field. However,
misalignment of the top will not have as great an effect as misalignment of the
dosimeter sensitive volume would have on the measurement.

Every linear accelerator exhibits slight variations of output over time. As
measurement sessions sometimes extended over several hours, this effect should be
considered.

Appendix 1 gives the calculation of errors for the Semiflex ionisation chamber,
60003 diamond, 60012 diode, SFD diode and the FOD for in-water and in-air
measurements.
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4 IN-WATER OUTPUT FACTOR
4.1

Introduction

The total output factor in water, Sc, p , is required to describe the relative variation of
dose with radiation beam width and is used in dosimetric calculations. In small fields
there is no ideal detector commercially available to perform these measurements.
Monte Carlo modelling has been used to calculate correction factors for a selection
of dosimeters for some machine types. However, validation with measurements is
still required.

The IPEM report 103 (Aspradakis 2010) makes recommendations for the
measurement of Sc, p in small fields. The dosimeter that has the smallest size
compared to the radiation beam and requires perturbation corrections <1% should be
used. Using these conditions they suggest the most suitable dosimeters are liquidfilled ionisation chambers, unshielded stereotactic diodes and radiochromic film. The
importance of covering the entire dosimeter in the high dose region of the smallest
field is emphasized. It is strongly suggested that more than one dosimeter should be
used to measure Sc, p in small fields.

Based on the IPEM recommendations, most clinical institutions will not be able to
accurately measure Sc, p due to both limited dosimeter availability and lack of Monte
Carlo perturbation correction factors.

In this study the performance of an unshielded diode (PTW 60012), a diamond
detector (PTW 60003) and a fibre optic dosimeter (FOD) were compared and
evaluated on their suitability for small field in air dosimetry applications. A PTW
Semiflex ionisation chamber was used to verify the reliability of the measurements at
intermediate field sizes.

Volume averaging correction factors were calculated for all dosimeters used so that
the effect of the physical size of the dosimeter can be separated from other influences
such as non-water equivalence.
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4.2

Materials and Methods

The in-water output ratio, Sc, p , was measured using each dosimeter in a PTW MP3
motorised water tank. All dosimeters were fixed to a small Virtual Water holder to
increase the distance between the point of measurement and the metal scanning arm
of the water tank, whilst allowing for a rigid and reproducible set-up. The effective
point of measurement of all detectors was set to a depth of 1.5 cm in the water with a
source-to-surface (SSD) of 98.5 cm i.e. isocentric set-up. This set-up was consistent
between the MLC and cone collimated field measurements.

The diode and diamond detector were orientated both with their stem axis
perpendicular and parallel to the beam axis. The ionisation chamber and FOD were
orientated with their stem axis perpendicular to the beam axis. Figure 4.1 shows a
schematic of these set-ups.
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Figure 4.1

Schematic of the set-up for (a) diode and diamond detector in the parallel
orientation, (b) diode, diamond and ionisation chamber (IC) in the
perpendicular orientation, and (c) FOD in perpendicular orientation, for the
measurement of Sc, p .
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All dosimeters used in this study will be subject to varying degrees of volume
averaging. Volume averaging correction factors were calculated for the diamond,
diode and FOD. They were not calculated for the ionisation chamber as they would
be too large to be viable at these very small fields. The volume averaging correction
factors were determined using profiles in water measured with Gafchromic® EBT2
film. The sensitive volume of each dosimeter was assumed to be a disk, based on
dimensions provided by the manufacturer.

For the diamond and diode dosimeter in the parallel orientation the area of the
dosimeters sensitive volume that was facing the beam was divided into 10 annuli
each with an equal radius increment, see figure 4.2 (a). The EBT2 measured beam
profiles were used to obtain off-axis ratio (OAR) values for each annulus, see figure
4.2 (b).
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Figure 4.2

(a) Beam’s eye view of a dosimeters sensitive volume divided into 10 annuli
of equal radius increments, and (b) cross-sectional view of dosimeter
superimposed onto a beam profile and the OAR corresponding to the annuli.
Note: this is shown as if the sensitive volume was only divided into three
annuli for ease of illustration.

The ‘weighted’ volume of each annulus was then calculated:

OAR1

where

r12 OAR2

( r22

r12 ) OAR3

( r32

r22 ) ...

t

(4.1)

OARn is the off-axis ratio corresponding to annulus n.
rn is the radius from the centre of the annuli to the edge of the nth annuli,
see figure 4.3.
t is the thickness of the dosimeter.
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Figure 4.3

Schematic diagram illustrating the annulus method of calculating volume
averaging correction factors.

For the diamond and diode dosimeter in the perpendicular orientation the sensitive
volume facing the beam was divided into 20 rectangles, see figure 4.4 (a). As the
depth of the dosimeter changes in this orientation the dosimeter needs to be divided
into 20 rectangular prisms, see figure 4.4 (b), to accurately calculate the weighted
volume.

67

Figure 4.4

(a) Beam’s eye view of a dosimeters sensitive volume divided into 20
rectangles of equal width, and (b) cross-sectional view of dosimeter
superimposed onto a beam profile and the OAR corresponding to the
rectangular prism. Note: this is shown as if the sensitive volume was of
larger size and was only divided into seven prisms for ease of illustration.

The ‘weighted’ volume of each rectangular prism was then calculated:

OAR1

where

l1

w1

t1

OAR2

l2

w2

t2

OAR3

l3

w3

OARn is the off-axis ratio corresponding to annulus n.
ln is the length of the rectangular prism.
wn is the width of the rectangular prism.
tn is the thickness of the rectangular prism.
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t3

...

(4.2)

Figure 4.5

Schematic diagram illustrating the rectangular prism method of calculating
volume averaging correction factors.

For the FOD the sensitive volume facing the beam was divided into a 10 x 10 grid of
equal length and width.
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Figure 4.6

(a) Beam’s eye view of the FODs sensitive volume divided into a 10 x 10
grid of equal length and width, and (b) cross-sectional view of FOD
superimposed onto a beam profile and the OAR corresponding to the
rectangular prism. Note: this is shown as if the sensitive volume was only
divided into five prisms for ease of illustration.

The ‘weighted’ volume of each rectangular prism was then calculated using equation
4.2.
Once the ‘weighted’ volume of each dosimeter was calculated for all field sizes,
correction factors, CFvolume were calculated by dividing the actual volume,
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VolumeActual by the weighted volume, Volumeweighted.

CFvolume

VolumeActual
Volumeweighted

(4.3)

The volume averaged corrected output factor, S c, p(corrected ) was then calculated by
multiplying the uncorrected output factor, Sc, p(uncorrected) by the volume averaging
correction factor, CFvolume.
Sc, p(corrected )

Sc, p(uncorrected)
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CFvolume

(4.4)

4.3

Results and Discussion

Figures 4.7 and 4.8 show Sc, p for MLC and cone collimated fields, respectively,
measured with a Semiflex ionisation chamber, 60003 diamond, 60012 diode and
FOD. The diode and diamond were orientated both with stems parallel and
perpendicular to the beam axis. Measurements were performed at 98.5 cm source-tosurface distance (SSD) with the effective point of measurement of each at 1.5 cm
depth in water.

Figure 4.7

Sc, p for MLCs measured using a Semiflex ionisation chamber, 60003
diamond, 60012 diode and FOD at 1.5 cm depth in water. The error bars for
all dosimeters are smaller than the symbols used. No volume averaging
corrections have been applied.
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Figure 4.8

Sc, p for cone collimation measured using a Semiflex ionisation chamber,
60003 diamond detector, 60012 diode and FOD at 1.5 cm depth in water.
The error bars for all dosimeters are smaller than the symbols used. No
volume averaging corrections have been applied.

The ionisation chamber, diamond, diode and FOD agree to within 0.3% for MLC
field widths 30 mm to 80 mm. At 100 mm the diode’s reading is 0.7% higher than
the average of the other detectors. The 60012 diode is designed for use in field
widths 10 mm to 100 mm. However, unshielded diodes may begin to over respond as
they measure in fields approaching 100 mm field width. This is due to silicon’s
higher photoelectric cross-section relative to water in the presence of low energy
scatter, which increases with field size.

Figures 4.7 and 4.8 show the ionisation chamber begins to under respond at field
sizes below 30 mm. At the 4 mm field size the reading is 67% lower than the average
of the other detectors. This is due to volume averaging in the ionisation chamber as
its sensitive volume size becomes comparable to the high dose region of the field in
which it is measuring.
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The diamond, diode and FOD agree within 2.6% for field sizes 10 mm to 30 mm.
Below 10 mm the Sc, p measured by three detectors increasingly separate, the largest
difference being at the 4 mm cone where there is a 24.5% spread. The diamond
readings, in both orientations, are lower than those of the diode and the FOD in field
sizes less than 10 mm. This is due to volume averaging as its sensitive volume size
becomes larger than the high dose region of the field that it is measuring.

4.3.1 Volume Averaging Correction
Correction for volume averaging enables the response of the range of dosimeters to
be compared based on their inherent physical response. Table 4.1 lists the volume
averaging correction factors for each of the dosimeters used, in parallel and
perpendicular orientation.

Table 4.1

Volume averaging correction factors for the FOD and 60012 diode.

Dosimeter

Stem orientation

Field size

Volume averaging
correction factor

60003 diamond

Parallel

4 mm cone

1.204

5 mm MLC

1.060

4 mm cone

1.018

5 mm MLC

1.090

4 mm cone

1.011

5 mm MLC

1.007

4 mm cone

1.004

5 mm MLC

1.000

4 mm cone

1.013

5 mm MLC

1.005

6003 diamond

60012 diode

60012 diode

FOD

Perpendicular

Parallel

Perpendicular

Perpendicular

Figure 4.9 and 4.10 show Sc, p measured with the diode and the FOD for MLCs and
cone collimation respectively when volume averaging correction factors have been
applied.
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Figure 4.9

Sc, p for MLCs measured using a 60012 diode and FOD at 1.5 cm depth in
water after volume corrections have been applied. The error bars for the all
dosimeters are smaller than the symbols used. Volume averaging correction
factors from table 4.1 have been applied.

Figure 4.10

Sc, p for cone collimation measured using a 60012 diode and FOD at 1.5 cm
depth in water after volume corrections have been applied. The error bars for
all dosimeters are smaller than the symbols used. Volume averaging
correction factors from table 4.1 have been applied.
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The 60012 diode results, for both parallel and perpendicular orientation, agree to
within 0.2% for field sizes 10 mm to 100 mm. The uncorrected results show a 4%
discrepancy at the 4 mm cone, with the diode in the parallel orientation giving the
lower result of the two. When the diode is in the parallel orientation its largest
sensitive volume surface (1.2 mm compared to 0.0025 mm) is facing the beam and
hence, more of the sensitive volume lies outside the high dose region of the field. For
this reason it is expected that the parallel orientation will under respond compared to
the perpendicular orientation, as it will experience volume averaging. After volume
averaging correction factors have been applied the discrepancy at the 4 mm cone is
only reduced to 3.2%. This means there must be additional factors other than volume
averaging at play that change between the two orientations. This is possibly due to
the effect of non-uniform surroundings between the two orientations, as shown in
figure 4.11. The electron ranges in the encapsulation material are shorter compared
to the ranges in the dosimeter housing, which is water equivalent (Scott et al. 2009).
This means that, when the diode dosimeter is in the perpendicular orientation, it will
asymmetrically perturb the beam.

Figure 4.11

Schematic diagrams illustrating the difference between the parallel and
perpendicular orientation of the diode in terms of encapsulation.

For the diamond dosimeter, the uncorrected results show up to a 6.2% discrepancy
for the 4 mm cone. When the results were corrected for volume averaging the
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discrepancy is actually increased to 10.3%. As the volume averaging correction
factors for the diamond are so large, especially in the parallel orientation, any
uncertainties in the correction factor will significantly affect the results. Errors in the
volume averaging correction factor are largest for the diamond dosimeter compared
to the other dosimeters as its sensitive volume deviates the most from a disc shape,
as it is an actual chip of natural diamond. The unknown and irregular shape of the
natural diamond chip makes it difficult to apply volume averaging corrections.
Although the diamond dosimeter has volume averaging effects at larger field sizes,
due to its large sensitive volume, corrections were not included as they were found to
dramatically affect the results.
The diode over responds for both parallel and perpendicular orientation compared to
the FOD up to 12.7% at the 4 mm cone. This isn’t unexpected as the over response
of silicon diodes in small fields has been reported numerous times (Francescon et al.
2009, Pantelis et al. 2010, Scott et al. 2008, Westermark et al. 2000, Haryanto et al.
2002, Heydarian et al. 1996, Gagnon et al. 2012). The reason for this over response
has not been confirmed nor quantified due to the lack of a ‘gold standard’ at the
smallest field sizes. However, it is possible that the higher-than-water density of
silicon (

Si

= 2.33 g cm-3) reduces the range of secondary electrons. This means that,

as the range of the electrons is shorter, the electron fluence will decrease more
slowly compared to a water equivalent dosimeter in small fields where LEE breaks
down. This subsequently leads to an over response of measured output factor for the
diode. The detector housing, which is largely made of epoxy, also has greater density
than water (

epoxy

= 1.2 g cm -3) and will contribute to this effect. Correction factors

have been published for Cyberknife systems (Pantelis et al. 2010, Francescon et al.
2008, Francescon et al. 2009).
Scott et al (2012) found that the density of the dosimeter sensitive volume has the
greatest effect in small field output factor measurements. So although diamond has
an atomic number close to the effective atomic number of water (Zeff,w = 7.42,
Zcarbon= 6 ), as it has a significantly higher density (ρw = 1.00 g/cm3, ρcarbon = 3.5
g/cm3) it is expected to over respond at small field sizes. Although the diamond in
the perpendicular orientation is seen to under respond compared to the FOD for the 4
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mm cone field size (figure 4.10), this is most likely to be a result of the large
uncertainty associated with the volume averaging factor due to the uncertainty in the
diamond chip dimensions.
The FOD results in this study have been shown to be reliable for field sizes above 30
mm when compared to the Semiflex ionisation chamber, agreeing within 0.2% with
a standard deviation with 0.2%. In collaboration with this thesis work, Ralston et al
(2012), validated the water equivalence of the FOD in small fields by comparison
with Gafchromic® EBT2 radiochromic film; a dosimeter that is known to have water
equivalence. Output factors measured with the FOD and EBT2 film were found to
agree to within 2% for field sizes between 4 – 10 mm in diameter, with an average
agreement of 0.2% (standard deviation of 1%). The good agreement of the FOD with
the ionisation chamber and the EBT2 radiochromic film shows that the FOD is
dosimetrically water equivalent for field sizes in the range 4 – 100 mm. Therefore,
the FOD can be used to accurately measure output factors in these field sizes and can
be used to calculate dosimeter correction factors for other dosimeters in small fields.
Dosimeter correction factors for the diode and diamond dosimeter in both parallel
and perpendicular orientations are calculated by taking a ratio of the volume
averaging corrected FOD result with the measured diode or diamond result, for the
same beam collimation. Volume averaging correction factors were not applied to the
diode and diamond dosimeter for the calculation of the dosimeter correction factors.
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Table 4.2 Correction factors for the diamond and diode dosimeter in parallel and
perpendicular orientations.

Dosimeter

Stem orientation

Field size

Correction factor

60003 diamond

Parallel

4 mm cone

1.11

5 mm MLC

1.01

4 mm cone

1.05

5 mm MLC

0.994

4 mm cone

0.93

5 mm MLC

0.95

4 mm cone

0.89

5 mm MLC

0.94

6003 diamond

60012 diode

60012 diode

Perpendicular

Parallel

Perpendicular

As the PTW 60003 diamond dosimeter is constructed using a chip of diamond as the
sensitive volume there are large variations in sensitive volume size between diamond
dosimeters of the same model and, as a result, these correction factors are unique to
this particular diamond dosimeter. This work was extended on and correction factors
were calculated for a wide range of diode dosimeters.
4.4

Conclusion

The relative output factors measured in water, Sc, p , using the diamond, diode and
FOD do not agree for field sizes below 10 mm, even after volume averaging
correction has been applied. Since the FOD has been shown to be dosimetrically
water equivalent (Ralston et al. 2012), it is assumed that the FOD readings provide
the best measure of Sc, p in small fields. Small field correction factors can therefore
be calculated using a ratio of Sc, p readings from the diamond or diode to the FOD.
The correction factors presented are valid only for the specific physical conditions
used in this study. Although the correction factors might be applicable to other
measurement conditions, such as with another linear accelerator, dosimeter or
measurement depth, they must be independently confirmed.
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5 IN-AIR OUTPUT FACTOR
5.1

Introduction

The in-air output factor, Sc , accounts for the variation in beam output with field size
as a result of primary and scattered radiation from the linear accelerator head (Zhu
and Bjarngard 1995). It includes the effects of scatter arising from the treatment head
but excludes the scatter arising from any surrounding phantom (Aspradakis 2010).

The IPEM report 103 (Aspradakis 2010) provides recommendations on the
measurement of Sc in small MV photon fields. A dosimeter and miniphantom
combination with size smaller than the radiation field to be measured must be used.
Stereotactic diodes and mini-ionisation chambers are stated as the most suitable
dosimeters. They suggest miniphantoms for the measurement of Sc in small fields
should be made of high-density. However, dimensions of miniphantoms are only
given for field widths down to 15 mm. Measurements should not be performed at
extended SSD due to the different source projections onto the dosimeter and also
because it becomes harder to ensure sufficient distances from any surrounding
scattering material, such as the floor, at extended SSD. The importance of dosimeter
alignment with the beam axis is emphasised.

No recommendations for miniphantom dimensions for measurements in field widths
less than 15 mm is given, even though fields as small as 4 mm in diameter are
routinely used for SRT/SRS. Although the recommended dosimeters are diodes and
mini-ionisation chambers the effects of the non-water equivalence of diodes has been
reported by numerous studies (Heydarian et al. 1996, Somigliana et al. 1999,
Westermark et al. 2000, Haryanto et al. 2002, Francescon et al. 2009, Pantelis et al.
2010, Gagnon et al. 2012, Scott et al. 2012) and mini-ionisation chambers have low
signal-to-noise ratio (SNR) and are too large for applications in field widths below
20 to 30 mm. Therefore, there remains no ideal dosimeter and miniphantom
combination for the measurement of Sc in fields below 15 mm.
In this study the performance of two unshielded diodes (60012 and SFD), EBT2
radiochromic film and a fibre optic dosimeter (FOD) were compared and evaluated
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on their suitability for small field in air dosimetry applications. As the magnitude of
the volume averaging correction factor in-water was so large (see section 4.3.1), the
diamond dosimeter was not used for in-air measurements. Various miniphantom
designs were tested and recommendations on the most suitable dosimeter and
miniphantom combination are given. A PTW Semiflex ionisation chamber was used
to verify the reliability of the measurements at intermediate field sizes.
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5.2

Materials and Methods

To confirm the suitability of a zero sidewall miniphantom design, two miniphantom
designs (caps and tops) were used, see figure 5.1. All miniphantoms were made from
common brass (density 8.4 g/cm3) with an equivalent height of either dmax (2.3 mm
brass) or d10 (15.1 mm brass) in water. The equivalent heights in brass were
calculated based on the electron density.

The caps were constructed with a physical diameter of 11 mm and sidewall
equivalent thickness of dmax. The total height of the cap miniphantom is sufficient to
surround the sensitive volume and the housing for the diodes. The tops had zero
sidewall thickness and physical diameters of 3, 5 and 7 mm.

Figure 5.1

The brass top and cap miniphantom designs used in this study.

Sc was measured with an ionisation chamber, two diode dosimeters and the FOD in
an empty PTW MP3 motorized tank to allow for dosimeter positional resolution of
0.1 mm. The effective point of measurement of each dosimeter was positioned at
isocentre (100 cm from the focal spot).

To validate that the tank and/or foam did not contribute any excess scatter, several
measurements were performed with a 60012 diode under ‘scatter free’ conditions
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outside the tank and compared to those described above. Differences between the
two set-ups were less than 0.3%. The two diode dosimeters (60012 and SFD) were
oriented with their stem axis parallel to the beam axis, whereas the FOD was
oriented with its stem axis perpendicular to the beam axis (figure 5.2).
EBT2 film pieces (5 x 5 cm2) were positioned perpendicular to the beam axis in-air
by placing them over a holder, the central section of which was cut out (45 mm
internal diameter). This holder was extended 30 cm off the end of the treatment
couch to minimize scatter (figure 5.2).

The selected miniphantom was positioned over the sensitive volume of the
dosimeter. Overhead lasers were used to position the miniphantom (the sensitive
volume was not assumed to be in the centre of the dosimeter housing). Daily
Winston-Lutz positioning tests (Lutz et al. 1988) confirmed the coincidence between
the radiation isocentre and the overhead lasers to within ± 0.3 mm.
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Figure 5.2

Schematic of (a) diode or ionisation chamber (IC) with cap miniphantom,
(b) diode with top miniphantom with the same width as the detector housing,
(c) diode with small diameter top miniphantom, (d) FOD with top
miniphantom and (e) EBT2 with top miniphantom set-up. Note: diagrams
are not to scale.

A 60012 diode was used to test the various miniphantom designs to determine the
optimal miniphantom design for the measurement of Sc for small fields. The cap and
top miniphantoms were tested to assess the effect of eliminating the sidewalls. Caps
and tops were designed with two equivalent heights, dmax and d10 to test electron
contamination removal. Various top widths (3, 5 and 7 mm) were tested.
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Once the optimal miniphantom was selected, Sc was measured with the Semiflex
ionisation chamber, 60012 diode, SFD diode, FOD and EBT2 film to enable
comparison of dosimeter performance.
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5.3

Results and Discussion

5.3.1 Cap vs. Top Miniphantom Design
Figure 5.3 compares the effect of top and cap miniphantoms on the measured Sc as a
function of MLC field width. The measurements were performed with a 60012 diode
using an 11 mm wide cap and 7 mm wide top miniphantom. The cap and top
miniphantoms have an equivalent height of d10.

Figure 5.3

Sc for MLCs measured using a 60012 diode with 11 mm wide cap and 7 mm
wide top miniphantoms with equivalent height d10. The error bars are
smaller than the symbols used.

For MLC field widths from 20 to 100 mm the output factors agree to within 0.3%,
showing that neither the presence nor absence of sidewalls in the miniphantom
design have an effect on measured relative output for this range of field sizes.
In contrast, for radiation fields smaller than 20 mm, the measured Sc is critically
dependent on the miniphantom design. As the high dose region of the field becomes
smaller than the miniphantom, Sc is underestimated because the scatter from the
86

miniphantom is reduced. The effect is more significant for the caps because they are
physically wider, see figure 5.4. Therefore tops were used for all subsequent
measurements.

Figure 5.4

Schematic diagrams illustrating the reduction of scattering volume in the
high dose region of a small radiation field in the cap compared to the top
miniphantom design. Note: Beam divergence has been exaggerated for
illustrative purposes.

5.3.2 Miniphantom Height
Figure 5.5 compares the effect of miniphantom height on the measured Sc as a
function of MLC field width. The measurements were performed with a 60012 diode
using a 7 mm wide top miniphantom. The top miniphantoms have equivalent heights
of dmax and d10.
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Figure 5.5

Sc for MLCs measured using a 60012 diode with 7 mm wide top
miniphantoms with equivalent height of dmax and d10. The error bars are
smaller than the symbols used.

For MLC field widths from 20 to 100 mm the output factors agree to within 0.3%,
showing that the height of the miniphantom above dmax does not have an effect on
measured relative output, for 6 MV photons.

In contrast, for radiation fields smaller than 20 mm, there is up to a 2% difference in
the measured Sc for the two miniphantom heights. The d10 7 mm top miniphantom
underestimates Sc compared to the dmax 7 mm top miniphantom at the smallest field
size. This may be explained by two phenomena. Firstly, in very small field sizes, the
taller the miniphantom, the increased amount of scattering material that lies outside
the high dose region of the field. This effect is illustrated in figure 5.6. Secondly, the
difficulty of aligning a miniphantom with the beam axis increases with increasing
top height, especially at narrow miniphantom widths that are used later in this study.
This alignment difficulty introduces a further uncertainty in measurement, see figure
5.7, as again it leads to reduced amount of scattering volume in the high dose region
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of the field. For these reasons dmax height tops were used for all subsequent
measurements.

Figure 5.6

Schematic diagrams illustrating the reduction of scattering volume of the
miniphantom in the high dose region of a small radiation field, as the top
height increases. Note: beam divergence has been exaggerated for
illustrative purposes.

Figure 5.7

Schematic diagrams illustrating the effect of miniphantom misalignment as
the top height increases. Note: Beam divergence has been exaggerated for
illustrative purposes.
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5.3.3 Miniphantom Width
Figures 5.8 and 5.9 compare the effect of miniphantom width on the measured Sc as
a function of MLC field width and cone diameter, respectively. The measurements
were performed with a 60012 diode using 3, 5 and 7 mm wide top miniphantoms.
The top miniphantoms have equivalent heights of dmax.

Figure 5.8

Sc for MLCs measured using a 60012 diode with tops of width 3, 5 and 7
mm and an ionisation chamber with 11 mm cap. The equivalent heights of
the tops and cap are dmax. The error bars are smaller than the symbols.
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Figure 5.9

Sc for cone collimation measured using 60012 diode with tops of width 3, 5
and 7 mm and an ionisation chamber with 11 mm cap. The equivalent
heights of the tops and cap are dmax. The error bars are smaller than the
symbols.

For MLC fields larger than 30 mm, Sc for the diode with the 3 mm wide tops vary
significantly from that measured with the ionisation chamber and the diode with
wider tops. This effect is interpreted as a lack of lateral shielding, allowing side
scatter to reach the sensitive volume of the detector, see figure 5.10. This effect will
increase with increasing field size as the amount of scatter increases.
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Figure 5.10

Schematic diagrams illustrating the increased ability of scatter to reach the
sensitive volume of the detector as the miniphantom width his decreased.

Between 10 mm and 30 mm MLC field widths and 7.5 mm to 30 mm cone
diameters, the diode results with all miniphantoms agree within 0.3%.
For fields smaller than 10 mm, the measured Sc decreases with increase in the top
width. This is because at these small fields, the entire miniphantom is no longer in
the radiation beam, causing a reduction in the amount of scatter reaching the
detector. Ideally, the top width should be equal to or less than the high dose region of
the field to ensure that the scattering volume is constant for all fields, see figure 5.11.
From the results shown in figures 5.8 and 5.9, the 3 mm top was considered to be the
best compromise to measure Sc in small fields and was used for all subsequent
measurements.
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Figure 5.11

Schematic diagram illustrating the reduction of scattering volume of the
miniphantom in the high dose region of a small radiation field as
miniphantom width is increased. Note: beam divergence has been
exaggerated for illustrative purposes.

5.3.4 Dosimeter Selection
Having established the optimum miniphantom design, the final step is to compare
the effect of dosimeter selection on measured Sc . Figures 5.12 and 5.13 show Sc for
MLC and cone collimated fields, respectively measured using a 60012 diode, SFD
diode and the FOD. A 3 mm top miniphantom of dmax equivalent height was used for
all measurements.
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Figure 5.12

Sc for MLCs measured using a 60012 diode, SFD diode, and FOD with 3
mm wide tops with equivalent height dmax. The error bars for the 60012 and
SFD are smaller than the symbols used.

Figure 5.13

Sc for cone collimation measured using a 60012 diode, SFD diode and FOD
with 3 mm wide tops with equivalent height dmax. The error bars for the
60012 and SFD are smaller than the symbols used.
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For the MLC and cone measurements the 60012 and SFD diode are in agreement,
within 0.5%, for field widths 10 mm to 100 mm and 7.5 mm to 30 mm, respectively.
Although this agreement is reasonable, it can be noted that as the field size is
increased above the normalisation field size, 30 mm, so too is the departure of the
two diodes results. One difference between these two diode designs is the overall
physical diameter. The external diameters of the 60012 and the SFD are 7 mm and 4
mm, respectively. This departure may be a result of more electrons reaching the
sensitive volume of the 60012 compared to the SFD due to the 60012 having more of
its housing not shielded by the top miniphantom. This increased scatter being
measured at large field sizes leads to the output being overestimated by the 60012.

Figure 5.12 also shows the FOD over responding compared to the two diodes for
field width greater than 30 mm. This overestimation increases with increasing field
size. Due to the geometry of the FOD and the available resources, the best way of
positioning the FOD in air was found to be sitting it in a custom foam holder. A
groove was made for the FOD to sit in so that it was level with the foam and the top
could then be placed over the dosimeter, see figure 5.14. Disadvantages of this set-up
include the air gap between the circular FOD and the straight miniphantom and the
presence of foam surrounding the sensitive volume of the detector. Although the
foam is of very low density (0.03 g/cm3), it is possible that a combination of this and
the small amount of housing around the sensitive volume compared to the diodes has
led to an increased susceptibility of scattered radiation reaching the sensitive volume
of the FOD.
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Figure 5.14

Schematic diagram of the FOD set-up for in air measurements and the
possible increased susceptibility of side scatter reaching the sensitive
volume of the dosimeter.

For MLC and cone fields below 10 mm and 7.5 mm, respectively, the 60012 under
responds relative to the SFD. The under response can be attributed to dose averaging
arising from the larger sensitive volume of the 60012 compared to the SFD (1.12
mm compared to 0.6 mm), combined with a reduced scattering volume in the high
dose region of the field due to the larger physical size of the detector housing (7 mm
compared to 4 mm), see figure 5.15. However, at the smallest field size even the
SFD diode experiences these effects as the high dose region of the field is below 1
mm.
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Figure 5.15

Schematic diagrams of the SFD and 60012 diode to illustrate the loss of
scattering volume in the high dose region of small fields due to the physical
diameter of the detector housing.

Sc measured using the FOD was less than that measured by the diodes for field sizes
below 30 mm, when normalized to a field size of 30 mm. As explained earlier it is
believed that the FOD may over respond, at least in intermediate to large field sizes.
It is quite possible that the FOD is still seeing this effect at the 30 mm field size. As
we normalise at this point, if the FOD was over responding, it would be seen to
under respond for field sizes below this. Attempts were made to normalise to field
sizes smaller than this (10 mm and 20 mm) but the effect was still seen. It may be the
case that side scatter is still able to reach the sensitive volume at these field sizes.
The FOD measurements for the in-water output factor, Sc, p , have been validated with
EBT2 film (Ralston et al. 2012). Therefore, EBT2 measurements were performed for
the in-air output factor, Sc , measurements in an attempt to validate the FOD. Figure
5.16 shows Sc for cone collimation measured using Gafchromic® EBT2 film and the
FOD.
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Figure 5.16

Sc for cone collimation measured using the FOD and EBT2 film with 3 mm
wide tops with equivalent height dmax.

The Sc curve for EBT2 is not as smooth as for the other detectors. The main
difference in the set-up of film compared to the other detectors is the fact that the
miniphantom needed to be repositioned for each film exposure. This adds additional
uncertainties to the already relatively large inherent uncertainties in radiochromic
film dosimetry.

The average difference between the EBT2 and FOD measurements for field sizes
between 7.5 mm and 30 mm cone is 0.7%, with a maximum of 0.8%. However, at
the 4 mm field size there is a 2.3% difference between EBT2 and FOD. Although the
4 mm results lie just outside experimental uncertainties of each other, this isn’t
deemed acceptable for validation of the FOD data, especially considering that it is
the 4 mm data that is most critical to be accurate as correction factors are largest. As
the FOD data cannot be verified, correction factors cannot be determined for the
other dosimeters using the FOD results.
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5.4

Conclusion

The four detectors, two types of diodes, radiochromic film and the air-core fibre
optic dosimeter, used in this study for the measurement of output factors in air ( Sc )
agreed within 1% for field widths larger than 10 mm. For smaller fields the
agreement was within 2.3% in air. Unlike the wide range of output factor values
measured in water, Sc, p , (approximately 0.7-1.00), the ouput factors in air vary over a
much narrower range (approximately 0.94-1.00) for the same field sizes.
Consequently, small discrepencies between Sc measurements, determined using
different dosimeters are of less magnitude than Sc, p variations and hence, the
variations in Sc, p would have a greater impact on dose delivered to the patient.

The results show that the selection of dosimeter type for output measurements in air
is not as critical as it is for output measurements in water. However, the dosimeter
must not exhibit large volume averaging, as is the case for the ionisation chamber
(PTW Semiflex) and diamond dosimeter. The miniphantom design however
significantly affects the measured values of Sc . The dominant contribution to the
dose measured by the dosimeter is from the miniphantom, whereas the dosimeter
housing has a relatively small contribution. This explains why care needs to be taken
in the selection and positioning of miniphantoms for in-air measurements.
This study describes a reliable and convenient method to measure Sc in small fields.
The recommendations, when using dosimeters with comparable sensitive volumes to
those used in this study are:
For field widths 20 mm or less, the use of a 3 mm wide miniphantom with no
side-walls and a height equivalent to dmax is recommended.
For fields between 20 – 30 mm wide a high density cap miniphantom with
height equivalent to dmax is recommended.
For field widths larger than 30 mm an ionisation chamber should be used
with a cap miniphantom design as recommended by AAPM TG-74 (Zhu et
al. 2009).
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6 SUMMARY AND RECOMMENDATIONS
This study compares dosimeters in common clinical use for small field dosimetry to
a novel air core fibre optic dosimeter (FOD) for the measurement on in-water and inair output factors in small megavoltage photon beams.

Diode correction factors for in-water output factor measurements in small
radiotherapy fields which are derived using a combination of an air core FOD and an
EBT2 film are presented. These correction factors extend the range of conditions and
field sizes in which diode detectors can be used with confidence. The over response
of the unshielded diode was evaluated and found to be as high as 6%, a highly
clinically significant departure. The correction factors presented here are valid for the
specified diodes and the specified irradiation conditions. They may be representative
for other diode models and other radiation beams, but this should be independently
confirmed.

For accurate and reproducible measurement of the in-air output ratio, Sc, in small
(less than 30 mm) 6 MV photon fields the miniphantom design is the most important
variable. The three key features of miniphantom design are sidewall thickness,
height above the detector and overall width. The results of this study show that
miniphantom sidewalls are not necessary. This is attributed to the electron
contamination being predominately forward directed and not incident laterally on the
detector. While the height of the miniphantom had a negligible effect on S c, tall
narrow miniphantoms are difficult to position and are susceptible to alignment
uncertainties. Therefore, it is recommended to use the minimum height required for
electron contamination removal (equivalent to dmax). The overall width of the
miniphantom should be smaller than the high dose region of the field but wide
enough to be positioned accurately and reproducibility. This work has extended that
of McKerracher and Thwaites (2007a) by showing that it is only necessary to cover
the diameter of the sensitive element, not the entire detector housing. This allows for
accurate measurement of Sc at smaller field sizes (down to 4 mm compared to 10
mm for the measurement by McKerracher and Thwaites).
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In summary, a new fibre optic dosimeter (FOD) has been benchmarked against other
dosimeters and has been found to be very effective in small field dosimetry
applications. Accurate measurement of output factors is critical in commissioning
small fields for clinical treatment. It is strongly recommend that a range of
dosimeters be used for small field output factor measurements to reduce the
uncertainty.
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This appendix states uncertainties obtained using the methodology as outlined in
sections 2.9 and 3.2.

In-water output factor uncertainties
4 mm cone:
Dosimeter
Semiflex

Type A
Short term reproducibility

Type B
0.04%

Ionisation Chamber

Diamond (60003)

Diode (60012)

FOD

Short term reproducibility

Short term reproducibility

Short term reproducibility

0.3%

0.06%

1.1%

Combined

Estimated long term reproducibility

0.1%

Dosimeter positional uncertainty

0.5%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.2%

Dosimeter positional uncertainty

0.5%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.2%

Dosimeter positional uncertainty

0.5%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.4%

Dosimeter positional uncertainty

0.5%

Linac output fluctuation

0.2%

0.5%

0.6%

0.6%

1.5%

5 mm MLC:
Dosimeter
Semiflex

Type A
Short term reproducibility

Type B
0.04%

Ionisation Chamber

Diamond (60003)

Diode (60012)

FOD

Short term reproducibility

Short term reproducibility

Short term reproducibility

0.3%

0.06%

0.8%

Combined

Estimated long term reproducibility

0.1%

Dosimeter positional uncertainty

0.4%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.2%

Dosimeter positional uncertainty

0.4%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.2%

Dosimeter positional uncertainty

0.4%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.4%

Dosimeter positional uncertainty

0.5%

Linac output fluctuation

0.2%
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0.5%

0.5%

0.5%

1.4%

For all other field sizes, the dosimeter positional uncertainty will have a negligible
effect on the uncertainty as 0.2 mm positional inaccuracy will still mean that the
dosimeters sensitive volume is in the high dose region of the field.

All other field sizes:
Dosimeter
Semiflex

Type A
Short term reproducibility

Type B
0.04%

Ionisation Chamber
Diamond (60003)

Diode (60012)

FOD

Short term reproducibility

Short term reproducibility

Short term reproducibility

0.3%

0.06%

0.4%

Combined

Estimated long term reproducibility

0.1%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.3%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.2%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.4%

Linac output fluctuation

0.2%
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0.2%

0.4%

0.3%

0.7%

In-air output factor uncertainties
4 mm cone:
Dosimeter
Semiflex

Type A
Short term reproducibility

Type B
0.04%

Ionisation Chamber

Diamond (60003)

Diode (60012)

SFD Diode

FOD

Short term reproducibility

Short term reproducibility

Short term reproducibility

Short term reproducibility

0.3%

0.06%

0.08%

0.5%

Combined

Estimated long term reproducibility

0.1%

Dosimeter positional uncertainty

0.5%

Top positional uncertainty

0.3%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.3%

Dosimeter positional uncertainty

0.5%

Top positional uncertainty

0.3%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.2%

Dosimeter positional uncertainty

0.5%

Top positional uncertainty

0.3%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.3%

Dosimeter positional uncertainty

0.5%

Top positional uncertainty

0.3%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.4%

Dosimeter positional uncertainty

0.5%

Top positional accuracy

0.3%

Linac output fluctuation

0.2%
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0.6%

0.7%

0.5%

0.7%

1.5%

5 mm MLC:
Dosimeter
Semiflex

Type A
Short term reproducibility

Type B
0.04%

Ionisation Chamber

Diamond (60003)

Diode (60012)

SFD Diode

FOD

Short term reproducibility

Short term reproducibility

Short term reproducibility

Short term reproducibility

0.3%

0.06%

0.08%

0.5%

Combined

Estimated long term reproducibility

0.1%

Dosimeter positional uncertainty

0.4%

Top positional uncertainty

0.2%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.3%

Dosimeter positional uncertainty

0.4%

Top positional uncertainty

0.3%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.2%

Dosimeter positional uncertainty

0.4%

Top positional uncertainty

0.2%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.3%

Dosimeter positional uncertainty

0.4%

Top positional uncertainty

0.2%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.4%

Dosimeter positional uncertainty

0.5%

Top positional accuracy

0.3%

Linac output fluctuation

0.2%
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0.5%

0.6%

0.5%

0.6%

1.5%

For all other field sizes, the positional uncertainty will have a negligible effect on the
uncertainty as 0.2 mm positional inaccuracy will still mean that the dosimeters
sensitive volume is in the high dose region of the field.

All other field sizes:
Dosimeter
Semiflex

Type A
Short term reproducibility

Type B
0.04%

Ionisation Chamber

Diamond (60003)

Diode (60012)

SFD Diode

FOD

Short term reproducibility

Short term reproducibility

Short term reproducibility

Short term reproducibility

0.3%

0.06%

0.08%

0.4%

Combined

Estimated long term reproducibility

0.1%

Top positional uncertainty

0.2%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.3%

Top positional uncertainty

0.2%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.2%

Top positional uncertainty

0.2%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.3%

Top positional uncertainty

0.2%

Linac output fluctuation

0.2%

Estimated long term reproducibility

0.4%

Top positional accuracy

0.2%

Linac output fluctuation

0.2%
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0.3%

0.5%

0.4%

0.4%

0.9%

